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Nanomagnetic logic, incorporating logic bits in the magnetization orientations of 
single-domain nanomagnets, has garnered attention as an alternative to transistor-based 
logic due to its non-volatility and unprecedented energy-efficiency. The energy efficiency 
of this scheme is determined by the method used to flip the magnetization orientations of 
the nanomagnets in response to one or more inputs and produce the desired output. 
  
 
Unfortunately, the large dissipative losses that occur when nanomagnets are switched with 
a magnetic field or spin-transfer-torque inhibit the promised energy-efficiency. 
Another technique offering superior energy efficiency, “straintronics”, involves the 
application of a voltage to a piezoelectric layer to generate a strain which is transferred to 
an elastically coupled magnetrostrictive layer, causing magnetization rotation. The 
functionality of this scheme can be enhanced further by introducing magnetocrystalline 
anisotropy in the magnetostrictive layer, thereby generating four stable magnetization 
states (instead of the two stable directions produced by shape anisotropy in ellipsoidal 
nanomagnets). 
Numerical simulations were performed to implement a low-power universal logic 
gate (NOR) using such 4-state magnetostrictive/piezoelectric nanomagnets (Ni/PZT) by 
clocking the piezoelectric layer with a small electrostatic potential (~0.2 V) to switch the 
magnetization of the magnetic layer. Unidirectional and reliable logic propagation in this 
system was also demonstrated theoretically. Besides doubling the logic density (4-state 
versus 2-state) for logic applications, these four-state nanomagnets can be exploited for 
higher order applications such as image reconstruction and recognition in the presence of 
noise, associative memory and neuromorphic computing. 
Experimental work in strain-based switching has been limited to magnets that are 
multi-domain or magnets where strain moves domain walls. In this work, we also 
demonstrate strain-based switching in 2-state single-domain ellipsoidal magnetostrictive 
nanomagnets of lateral dimensions ~200 nm fabricated on a piezoelectric substrate (PMN-
PT) and studied using Magnetic Force Microscopy (MFM). A nanomagnetic Boolean NOT 
  
 
gate and unidirectional bit information propagation through a finite chain of dipole-
coupled nanomagnets are also shown through strain-based "clocking". This is the first 
experimental demonstration of strain-based switching in nanomagnets and clocking of 
nanomagnetic logic (Boolean NOT gate), as well as logic propagation in an array of 
nanomagnets. 
 1 
 
 
 
 
 
CHAPTER 1 Introduction 
 
 
 A longstanding goal of electronics is to devise computing circuits that dissipate 
minimal energy during computation. This objective has become critical in light of Moore's 
law (Moore, 1965), whose sustainability hinges on being able to reduce the energy 
dissipated when a logic device switches (as its dimensions are reduced). In the traditional 
complementary metal-oxide-semiconductor (CMOS) transistor, which is the essential 
component of digital circuits, switching between the “ON” and “OFF” states is achieved 
by moving electrical charge in to or out of their active regions. If this process is carried out 
non-adiabatically, the energy dissipated is equal to at least NkTln(1/p), where N is the 
number of electrons (information carriers) moved in to or out of the device, T is the 
temperature and p is the “bit error probability” associated with random switching of the 
device (Zhirnov et al., 2003; Salahuddin and Datta, 2007). However, if these standard logic 
bits are encoded in two stable magnetization orientations along the easy axis of a shape-
anisotropic single-domain nanomagnet (or the single domain magnetostrictive layer of a 
multiferroic nanomagnet), the energy dissipated during switching between these 
orientations is only ~ kTln(1/p) (Salahuddin and Datta, 2007). The ‘information carriers’ in 
nanomagnets are the spins; however, the energy dissipated in this case is impervious to the 
 2 
 
number of spins due to the fact that exchange interaction between spins results in the ~10
4
 
spins in a single-domain nanomagnet of volume ~10
5
 nm
3
 behaving collectively like a 
giant single spin (a single information carrier) (Salahuddin and Datta 2007; Cowburn, et al. 
1999a). Ideally, all of these spins will rotate in unison when the nanomagnet switches from 
one stable magnetization state to the other. Figure 1.1 shows illustrations of these schemes. 
As a result, for the same bit error probability p, the ratio of the minimum energy dissipated 
to switch a nanomagnet to that dissipated to switch a nanotransistor will be ~1/N << 1. The 
mutual interaction between spins leading to collective dynamics, which is absent in the 
case of charges, makes the nanomagnet switch intrinsically more energy-efficient than the 
transistor switch. 
 
Figure 1.1:  Transistor, single-spin, and single-domain nanomagnet encoding logical “0” and “1” states. 
a) 
b) 
 3 
 
 Traditional transistors dissipate at least ~10
4
 kT of energy to switch in isolation 
(ITRS 2003) and ~10
5
 kT to switch in a circuit in a reasonable time of ~1 ns. In contrast, a 
magnetic binary switch dissipates only ~10
2
 kT of energy to switch in ~1 ns if 
implemented with an elliptical, two-phase composite multiferroic nanomagnet consisting 
of a single-domain magnetostrictive layer elastically coupled to an underlying piezoelectric 
layer (Atulasimha and Bandyopadhyay, 2010; Roy, Bandyopadhyay and Atulasimha, 
2011a; Salehi Fashami et al., 2011).  
 
When a tiny electrostatic potential is applied across the piezoelectric layer, it 
deforms and the resulting strain is transferred to the magnetostrictive layer, making its 
magnetization rotate by a large angle as shown in Fig. 1.2. Depending on the sign of the 
magnetostrictive coefficient, a voltage of appropriate polarity is applied so as to generate a 
stress that aligns the magnetization orientation along the hard axis as opposed to the easy 
axis. Such rotations can be utilized to write bits in non-volatile memory (Tiercelin et al., 
2011; Pertsev and Kohlstedt, 2010; Biswas, Bandyopadhyay and Atulasimha, 2014)
 
or 
implement Bennett clocked logic gates in the fashion of magnetic quantum cellular 
Figure 1.2:  Strain-induced clocking of single-domain magnetostrictive nanomagnets elastically coupled 
to a piezoelectric substrate. 
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automata (Cowburn and Welland, 2000; Imre et al., 2006; Atulasimha and 
Bandyopadhyay, 2010; Salehi Fashami et al., 2011; D’Souza, Atulasimha and 
Bandyopadhyay, 2012a; Salehi Fashami, Atulasimha and Bandyopadhyay, 2012). 
Owing to this inherent advantage, nanomagnet-based computing architectures are 
attracting increasing attention, such as the magnetic quantum cellular automata (MQCA) 
scheme to implement nanomagnetic logic (NML), where nanomagnets are placed in 
specific geometric patterns to construct Boolean logic gates, and the dipole interactions 
between the nanomagnets elicit the desired logic operations on the bits encoded in their 
magnetization orientations (Cowburn and Welland, 2000; Csaba et al., 2002). The dipole 
interaction also acts as an effective “wire” to concatenate successive gates and thus build 
arbitrary combinational or sequential Boolean circuits. This methodology builds on the 
Single Spin Logic (SSL) paradigm in which exchange interaction between spins (up- and 
down-spin polarizations encode the two logic bits) is equivalent to the role of dipole 
interaction between magnets (Bandyopadhyay, Das and Miller, 1994). NML schemes can 
be very energy-efficient if the magnets are switched in a way that dissipates very little 
energy in the external switching circuit.  
 
1.1 Background and Motivation 
 
1.1.1 Clocking Nanomagnetic Logic  
 
 5 
 
 Unfortunately, dipole-coupled NML schemes also have a serious drawback that 
limits their applications. There is no "isolation" between the input and the output ports of 
the nanomagnetic switch (unlike in transistors) because dipole interaction is perfectly 
bidirectional and does not discriminate between an “input” magnet and an “output” 
magnet. This hinders unidirectional propagation of logic bits from one stage to the next – a 
property that is required of all Boolean logic schemes. Since unidirectionality cannot be 
imposed in space, one must impose it in time. That requires sequential clocking of the 
nanomagnets (much like in bucket-brigade devices and charge coupled device shift 
registers) (Bandyopadhyay and Roychowdhury, 1996; Bandyopadhyay, Svizhenko and 
Stroscio, 2000). This can be accomplished with Bennett clocking (Bennett, 1982) which is 
implemented by forcibly rotating a shape-anisotropic nanomagnet’s magnetization through 
~90° from the easy to the hard axis prior to a bit propagating through it. 
 One way of implementing Bennett clocking in traditional binary NML is to arrange 
shape anisotropic nanomagnets in a chain along their hard axis as shown in Fig. 1.3(a). The 
ground state of the nanomagnet array will be “anti-ferromagnetic” whereby each 
nanomagnet’s magnetization will align along the easy axis, but nearest neighbors will have 
anti-parallel magnetizations, representing a sequence of binary bits (0 1 0 1…). This anti-
ferromagnetic ordering happens because of dipole interaction between neighbors. If we 
now flip the first nanomagnet’s magnetization (first bit) with some external agent and 
expect all succeeding nanomagnets to sequentially flip in a domino-fashion to re-assume 
the anti-ferromagnetic order because of dipole interaction that will not happen. What 
prevents its occurrence is that immediately after switching the first nanomagnet, the second 
 6 
 
nanomagnet finds itself in a frustrated state where its left neighbor’s dipole interaction and 
right neighbor’s dipole interaction exactly cancel. Therefore, this nanomagnet does not flip 
and the input bit does not propagate further. 
  
1.1.2 Global Clocking of Nanomagnetic Logic  
 
In order to break this logjam and propagate the input bit, a clock is needed 
(Bandyopadhyay, 2005a) to manipulate the dipole interactions between neighboring 
nanomagnet pairs. For example, prior to flipping the first bit, a global magnetic field could 
break the anti-ferromagnetic ordering and align every nanomagnet’s magnetization along 
the common hard axis (Fig. 1.3(a)ii). This field is then withdrawn and the magnetization of 
i) 
ii) 
iii) 
iv) 
a) 
b) 
Figure 1.3: (a) Planar nanomagnets with uniaxial shape anisotropy are arranged in a line along the in-
plane hard axis. (b) When nanomagnets are arranged in a line along their easy axes, they couple 
ferromagnetically with nearest neighbors having parallel magnetizations. 
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the first nanomagnet is oriented by an external agent to conform to the input bit (Csaba et 
al., 2002). Dipole interaction will then flip the magnetization of all the succeeding 
nanomagnets sequentially in a domino-like fashion since every nanomagnet now 
experiences non-zero dipole interaction that restores the anti-ferromagnetic order. This is 
an example of propagating bits using Bennett clocking, in which the global magnetic field 
acts as the clock. The same type of clock can propagate an input bit down a chain if the 
nanomagnets are arranged in a line parallel to the easy axis as shown in Fig. 1.3(b). In this 
case, dipole coupling results in ferromagnetic ordering.  
While the advantage of the global clock is that there is no need to individually 
access the nanomagnets, thereby alleviating the lithographic burden, it also suffers from 
serious drawbacks. The nanomagnets near the end of the array are left in their unstable 
energy maxima states along the hard axes for a long time (until the propagating bit reaches 
them) and could spontaneously relax to one of their two energy minima (along the easy 
axis) before the bit reaches them. Even if one of the nanomagnets along the chain of 
globally clocked nanomagnets flips in this manner, the Bennett clocking scheme becomes 
ineffective and renders this scheme unreliable. Furthermore, the propagating bit must 
travel through the entire chain before the global field can be applied again to reset the 
chain and prepare for the next bit to be propagated. Therefore, the use of a global magnetic 
field results in a non-pipelined computing architecture that is unacceptably slow, besides 
being error-prone (Bandyopadhyay and Cahay, 2009). Attempts to alleviate pipelining 
issue by utilizing nanomagnets with biaxial anisotropy that have shallow energy minima at 
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the hard axes have been reported in the literature (Carlton et al., 2008), but have been 
shown to be ineffective at room temperature (Spedalieri et al., 2011). 
 
1.1.3 Local Clocking of Nanomagnetic Logic  
 
A superior strategy is to employ local clocking where the magnetization of every 
nanomagnet is reoriented, one at a time, along the hard axis via a local agent to implement 
Bennett clocking (Behin-Aein, Salahuddin and Datta, 2009). Although this increases the 
lithography overhead significantly since every nanomagnet needs to be contacted, it allows 
for pipelining of data, resulting in a faster architecture (Bandyopadhyay and Cahay, 2009). 
Since non-pipelined and error prone architectures are unacceptable, we will consider only 
the local clocking scheme. The issue then is what constitutes a suitable agent for local 
clocking, i.e. what is the most energy efficient method of rotating the magnetization of a 
nanomagnet from the easy to the hard axis? 
In magnetic devices, the reorientation of the magnetic moments can be 
accomplished by using an external current that produces a local magnetic field (Ney et al., 
2003; Alam et al., 2010). Another methodology uses spin-polarized currents that generate 
spin transfer torques (STT) to rotate the magnetization and requires current that is orders of 
magnitude lower than that required by the magnetic field schemes (Slonczewski, 1996; 
Ralph and Stiles, 2007). Spin currents are usually generated by passing electron current 
through magnetic tunnel junctions (MTJs) that have superior spin-torque efficiency but 
also suffer from operational reliability issues, especially when implemented in large scale 
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memories. An alternate method of generating spin-polarized current in nonmagnetic 
materials is by the Spin Hall Effect (Dyakonov and Perel, 1971). Here, spin-orbit coupling 
causes electrons with different spins to deflect in opposite directions, resulting in a net 
flow of spin (spin current) which is perpendicular to the charge current that created it. This 
effect can be used, for instance to convert electric signals into a pure spin signal and 
converted back to electric signals after being transmitted through an insulating magnet as 
spin waves (Kajiwara et al., 2010). Other experiments have been carried out to using SHE 
to produce spin torques to rotate and switch the magnetic moments of perpendicularly 
polarized CoFeB films (Liu et al., 2012) and CoFeB nanomagnets (Bhowmik, You and 
Salahuddin, 2014). 
Magnetization switching can also be carried out by inducing domain wall motion (a 
domain wall is a mobile interface between regions of oppositely aligned magnetization 
and) with a spin-polarized current (Yamanouchi et al., 2004; Fukami et al., 2009), under 
the action of an externally applied magnetic field that has been utilized to demonstrate 
logical NOT, logical AND, fan-out and cross-over functionalities (Allwood et al., 2005) or 
through electric fields (Brintlinger et al., 2010). 
Figure 1.4: A two-phase multiferroic nanomagnet composed of a magnetostrictive layer and a 
piezoelectric layer. 
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Recently, an extremely energy-efficient strategy for local Bennett clocking of NML 
was proposed (Atulasimha and Bandyopadhyay, 2010), in which an electrically generated 
mechanical strain rotates the magnetization of a magnetostrictive layer. It can be 
implemented by applying a small voltage to a multiferroic nanomagnet consisting of two 
elastically coupled piezoelectric and magnetostrictive layers (Fig. 1.4) (Eerenstein, Mathur 
and Scott, 2006). The applied voltage generates strain in the piezoelectric layer which is 
transferred almost entirely to the magnetostrictive layer by elastic coupling if the latter 
layer is much thinner than the former (Atulasimha and Bandyopadhyay, 2010). 
This strain/stress can cause the magnetization of the magnetostrictive layer to rotate 
by a large angle and has been demonstrated in recent experiments (Brintlinger et al., 2010; 
Hockel et al., 2012; Dusch et al., 2013; Chu et al., 2008), although not in single-domain 
nanomagnets. Voltage-controlled resistive switching of the magnetization vector by ~90° 
was also theoretically demonstrated to be feasible in ferromagnetic multilayers and spin 
valves mechanically coupled to a ferroelectric substrate, with one of the ferromagnetic 
layers possessing a small degree of cubic magnetocrystalline anisotropy (Pertsev and 
Kohlstedt, 2010). 
These rotations are sufficiently large to fulfill the requirements of Bennett clocking 
in logic chains (Atulasimha and Bandyopadhyay, 2010; Salehi Fashami, Atulasimha and 
Bandyopadhyay, 2012). This particular scheme is known as “hybrid spintronics and 
straintronics” since the application of mechanical strain, generated by a tiny voltage, 
induces a magnetization rotation. Normally, strain can rotate the magnetization of an 
isolated magnet by up to ~90° because it moves the energy minimum of the magnet from 
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the easy to the hard axis. However, if the strain is withdrawn at the right juncture, as soon 
as the 90° rotation has been completed, the magnetization will continue to rotate and the 
magnetization will end up rotating by 180° (Roy, Bandyopadhyay and Atulasimha, 2012). 
This will result in a complete bit flip. Rotation by ~90° is sufficient for Bennett clocking in 
logic chains, but for use in memory, the 180° rotation is required. This issue, however, will 
not be discussed further here since this work, as discussed henceforth, is focused on 4-state 
logic devices and not the traditional 2-state memory elements. 
In the studies conducted by Atulasimha and Bandyopadhyay (2010), Bennett 
clocking of 2-state logic chains was considered where the logic switches are ellipsoidal 
multiferroic nanomagnets with the dimensions of the major axis = 105 nm and that of the 
minor axis = 95 nm. The piezoelectric layer (PZT) of the multiferroic was 40 nm thick and 
the magnetostrictive layer (Terfenol-D) was 6 nm thick. Fig. 1.5 illustrates the Bennett 
clocking scheme that was implemented by applying tiny rectangular voltage pulses of 
amplitude ~15 mV across the piezoelectric layer of the multiferroic generating a strain 
which, in turn, caused a magnetization rotation of ~90° in the magnetostrictive layer. 
Transient simulations showed that for a pulse period of ~1 ns, the total energy dissipated in 
the clocking circuitry and in a nanomagnet is ~200 kT per rotation at room temperature 
(Roy, Bandyopadhyay and Atulasimha, 2011b; Salehi Fashami et al., 2011). 
These simulations did not take thermal noise into account, but it does not have 
much effect in the case of Bennett clocking. Dipole coupling between such Bennett-
clocked nanomagnetic switches was also shown to propagate information unidirectionally 
along a chain while dissipating a few 100 kT/bit at ~1 GHz clock rate (Salehi Fashami et 
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al., 2011). Finally, simulations of a dipole-coupled NML NAND gate with multiferroic 
nanomagnets were performed (with fan-in and fan-out) and demonstrated a total energy 
dissipation of only ~1000 kT per NAND operation (Salehi Fashami, Atulasimha and 
Bandyopadhyay, 2012). This makes multiferroic nanomagnets one of the most energy-
efficient digital switches, and the hybrid spintronic/straintronic scheme one of the 
minimally dissipative memory and logic paradigms extant. 
 
Figure 1.5: Local clocking scheme: Propagating a logic bit through a chain of four dipole coupled 
multiferroic nanomagnets with Bennett clocking implemented with stress. Initial State: a chain of elliptical 
nanomagnets in the ground state with magnetization orientation indicated by arrows. Magnet 1 switched: 
Magnetization of the first magnet is flipped with an external agent and the second magnet finds itself in a 
tied state where it experiences no net dipole interaction. Stress to Magnets 2,3: The second and the third 
magnet are subjected to electrically induced stresses that rotate their magnetizations close to the hard axis. 
Remove stress to Magnet 2: The second magnet is freed from stress so that its magnetization relaxes to the 
easy axis as a result of shape anisotropy, and it switches to the desired “up” state rather than the incorrect 
“down” state since the dipole interaction from the left neighbor is now stronger than that from the right 
neighbor so that the tie is resolved. 
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1.2 Four-state nanomagnets implemented with biaxial anisotropy 
 
 While 2-state devices may suffice for Boolean computing, 4-state logic devices 
(Fig. 1.6) have characteristics that can be exploited for non-Boolean computing 
applications. These include "associative" memory that is useful for image reconstruction 
and pattern recognition and 4-state nanomagnetic implementations of neurons for 
neuromorphic computing. 
 
Figure 1.6: a) Four-state multiferroic nanomagnet with a magnetostrictive layer (possessing biaxial 
magnetocrystalline anisotropy on top of a piezoelectric layer. b) Scheme illustrating logic and propagation 
of four-state NOR logic along a chain of multiferroic nanomagnets.  
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 It is also possible to realize a four-state universal Boolean logic gate (D’Souza, 
Atulasimha and Bandyopadhyay, 2011) for increased logic density and propagate logic bits 
down a chain of 4-state switches using a somewhat more complex clocking sequence 
(D’Souza, Atulasimha and Bandyopadhyay, 2012a). Elementary image processing 
functionality implemented with 4-state nanomagnets has been theoretically demonstrated 
(D’Souza, Atulasimha and Bandyopadhyay, 2012b) and is described in detail later. The 
following section discusses the use of magnetocrystalline and geometric (or shape) 
anisotropy to achieve biaxial anisotropy in planar nanomagnets.  
 
1.2.1 Achieving Biaxial Anisotropy in Nanomagnets 
 
Magnetocrystalline Anisotropy 
 A 4-state memory element can be implemented with a magnetostrictive layer (for 
example, single-crystal Ni), which would exhibit biaxial magnetocrystalline anisotropy in 
the (001) plane. Epitaxial films of single-crystal (001) Ni can be grown on a suitable 
substrate using molecular beam epitaxy (MBE) (Naik et al., 1993; Chow, 1991). Although 
there are no reports of growing single crystal nickel on a piezoelectric substrate, there are 
no obvious technological barriers to prevent this. The crystal structure for Ni (face-
centered cubic) is shown in Fig. 1.7. If the thickness of the (001) Ni layer is considerably 
smaller than the lateral dimensions, it would be energetically costly for the magnetization 
vector to rotate out-of-plane and, therefore, the magnetization always lies in the (001) 
plane. As a result, the “easy” axes of single-crystal Ni in the ground/unstressed state are 
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 110 ,  1 ̅      ̅ ̅   and   ̅   , in Miller notation. Thus, there are four possible 
(degenerate) energy minima in which four 2-bit combinations can be encoded (00, 01, 11, 
10), as illustrated in the saddle-shaped curve of Fig. 1.6(a). The resulting energy minima 
occur along the ±45° and ±135° directions. Therefore, a rotation of +45° is introduced 
(      ⁄ ), where  is the angle made by the magnetization direction with the +x-axis. 
This is equivalent to rotating the Cartesian coordinate axes by an angle of 45° about the 
axis normal to the nanomagnet’s plane. In the new coordinate system, the energy minima 
occur along the x- and y-axes (0°, ±90°, ±180°). The bit assignments ( ̅ ̅,  ̅     ,   ̅) are 
also shown. 
 
 
 
Figure 1.7: Biaxial anisotropy implemented with magnetocrystalline anisotropy 
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Shape Anisotropy 
 In addition to the magnetocrystalline anisotropy, the magnetic behavior of a 
magnetic material is also affected by the shape of the nanomagnetic element. Consider a 
random polycrystalline specimen with no preferred grain orientation and, therefore, no net 
crystal anisotropy. A spherical element of this specimen would be magnetized to the same 
extent in any direction based on the applied magnetic field direction. However, elliptically-
shaped elements, for instance, would result in a major (long) and a minor (short) axis. 
Since the demagnetizing field along the minor axis is stronger than along the major axis, 
the applied field would have to be stronger along the minor axis in order to produce the 
same field in the specimen (Cullity and Graham, 2009). Therefore, it is easier for the 
magnetization to align itself along the major (“easy”) axis, resulting in two stable 
orientations for the magnetization vector, parallel and anti-parallel to the “easy” axis. 
The magnetic properties of the element can be engineered by manipulating the 
shape of the nanomagnet, with different shapes giving rise to different anisotropic 
behaviors. For instance, Cowburn et al. (1999) experimentally demonstrated that 
Supermalloy (Ni80Fe14Mo5) nanomagnets with triangular, square and pentagonal 
geometries (corresponding to rotational symmetries of order three, four and five, 
respectively) exhibit anisotropy with 6-fold, 4-fold and 10-fold symmetries, respectively. 
The anisotropies of these nanomagnets are measured using the Modulated Field Magneto-
Optical Anisotropy technique (Cowburn et al., 1997).  
Biaxial anisotropy in magnetic thin-films has been previously shown in single-
crystal films (Boyd, 1960), coupled films (Wang, 1968), double-layer films (Siegle, 1965), 
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as well as in a four-pointed star-shaped film (Lee, 1968) (Fig. 2.3(a)), with the latter 
demonstrating biaxial anisotropy caused by shape effects. Recently, studies have been 
conducted on the effects of configurational anisotropy on concave nanomagnets, with 
small variations in parameters such as the thickness and radius of curvature/concavity 
giving rise to large, but predictable variations in the direction and strength of the easy axes 
of magnetization (Lambson et al., 2013). 
 
1.3 Experiments on 2-state multiferroic nanomagnetic logic 
  
On the experimental front, the fabrication of single-crystal, four-state multiferroic 
nanomagnets requires the fairly challenging processes of epitaxial film growth using 
molecular beam epitaxy (MBE) and thin-film piezoelectric growth. The initial 
experimental goal of this work is to demonstrate 2-state strain-clocked nanomagnetic logic 
propagation and logic gates as a key proof-of-concept and eventually, set future research 
targets for 4-state hybrid spintroincs-straintronics circuits based on multiferroic 
nanomagnets. 
As explained earlier, owing to the shape anisotropy, the ellipsoidal 
magnetostrictive nanomagnets have two stable states for magnetization orientation – ‘up’ 
(↑) and ‘down’ (↓) – along the major axis. Magnetization rotation is accomplished via the 
Villari effect, or the inverse magnetostrictive effect, in which a strain/stress induces a 
magnetization rotation in the magnetostrictive nanomagnets. This strain is produced when 
a voltage is applied between two electrodes delineated on the piezoelectric substrate. The 
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substrate deforms, generating a strain that is transferred to the magnetostrictive layer, 
which is in elastic contact with the substrate. 
To this end, we study magnetization switching in 2-state single-domain 
magnetostrictive (Ni, Co) nanomagnets grown on a bulk <001> (1-x)[Pb(Mg1/3Nb2/3)O3]–
x[PbTiO3] (PMN-PT) substrate (where x = 0.3) through Magnetic Force Microscopy 
(MFM) studies. Low-moment MFM probes are used in order to minimize tip-induced 
magnetization switching of the nanomagnets. Voltages are applied along the length of the 
PMN-PT substrate (d33 mode) to generate the requisite strain in the magnetostrictive 
nanomagnet. Domain switching is then investigated for uniaxial (two-state) i) isolated 
nanomagnets, and ii) dipole-coupled nanomagnets. 
 
1.3.1 Materials 
 
 The magnetostrictive materials considered in the experiments were Nickel and 
Cobalt, with their materials constants shown in Table 1.1 (Bozorth, 1993; Lee, 1955). 
While it can be seen that Terfenol-D (Tb0.3Dy0.7Fe1.92) offers the highest degree of 
magnetostriction, the challenges of stoichiometric, single-crystal growth during sputtering 
as well as the subsequent difficulty in lift-off during the nanofabrication process (due to 
material deposition along the sidewalls), we only study Ni and Co nanomagnets in our 
experiments. 
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Table 1.1: Material parameters for Nickel, Cobalt and Terfenol-D 
 Nickel Cobalt Terfenol-D 
Young’s modulus, Y (GPa) 214 209 25-35 
Saturation Magnetization, 
Ms (A/m) 
4.84 × 10
5
 14.22 × 10
5
 8 × 10
5
 
Magnetostrictive 
constant (  ⁄ s) 
-3 × 10
-5
 -5 × 10
-5
 +90 × 10
-5
 
 
Both Ni and Co possess negative values of magnetostrictive constant, implying that 
a tensile stress raises the energy barrier along the axis of applied stress while lowering the 
energy barrier along the axis perpendicular to this direction. This causes the magnetization 
to reorient itself perpendicular to the axis of tensile stress application. A compressive 
stress, on the other hand, causes the magnetization orientation to favor alignment along the 
axis of stress application. Since Terfenol-D has positive magnetostriction, it experiences 
the exact opposite behavior. 
The piezoelectric substrate used in our experiments was a polished (001)-oriented 
PMN-PT substrate of dimensions 550.5 mm3 supplied by Atom Optics Co Ltd. In order 
to measure the strain response of the PMN-PT substrate, we attach a general purpose 120 
 Constantan linear foil strain gauge (EA-06-062ED-120) Vishay Precision Group, Micro-
Measurements) to the top surface of the PMN-PT substrate and measure the strain using a 
P3 Strain Recorder and Indicator (Vishay Precision Group), as shown in Fig. 1.8. 
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Electrodes are attached to the edges of the substrate using silver paste and a voltage 
is applied along the length of the substrate using a Xantrex XFR20-60 DC power supply in 
conjunction with a Trek 10/10B high voltage amplifier. Poling is performed in a castor oil 
bath to prevent arcing at high voltages. An electric field of 800 kV/m is applied along the 
length of the substrate at a rate of ~1 kV/min. The strain response of the PMN-PT is then 
measured using the P3 strain recorder, as shown in the strain-voltage curves of Fig. 1.9. 
The poling time is chosen to maximize proper alignment of the dipoles; the increase in 
strain with poling time is likely due to polarization bias (Maria et al., 2005) (Park and 
Trolier-McKinstry, 2011). Following PMN-PT poling along the length of the substrate (the 
direction of P in the inset illustrates the direction of polarization), the strain response is 
determined for various voltages. It can be seen that for a voltage of 1.5 kV (E = 300 
Figure 1.8: Poling and strain characterization of PMN-PT substrate  
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kV/m), a strain of ~300 ppm is observed, while at V = 2 kV (E = 400 kV/m), a strain of 
~400 ppm can be generated. 
As explained later, we choose Co as the magnetic material (over Ni) due to its 
higher saturation magnetization value. This enables higher contrast MFM images with 
minimal tip-induced magnetization reorientation, albeit at the expense of strict lithographic 
tolerances due to the increased shape anisotropy. These issues will be explained in detail in 
a later chapter. 
For our numerical calculations, we use the following material constants for a) Co: 
Young’s modulus, Y = 209 GPa (Davis, 2000), saturation magnetization, Ms = 14.22 × 10
5
 
A/m
 
(Bozorth, 1993), magnetostrictive constant, (
2
3 s) = -5 × 10
-5
 (Bozorth, 1993; Long, 
2008); and b) PMN-PT: Young’s modulus, Y = 105 GPa, Curie temperature, Tc = 150 °C 
Figure 1.9: Strain response curves for bulk (001) PMN-PT substrate of dimensions 550.5 
mm
3
. Poling of the substrate is performed in a castor oil bath with an electric field of 800 kV/m (V 
= 4 kV). Measurement of the strain response of the poled substrate is then carried out for various 
fields. A linear strain response can be observed, with a strain of ~300 ppm generated for V = 1.5 kV 
and ~400 ppm for V = 2 kV. 
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(Luo, Zhao and Luo, 2010). The d33 value of (001) PMN-PT experimentally measured in 
our experiments (~1000 pm/V) is in accordance with other experimentally derived d33 
values (Xia et al., 2007; Kelly and Leonard, 1997; Chen, Zhang and Luo, 2002; Luo, Zhao 
and Luo, 2010). Thus, if a strain of ~400 ppm is transferred to the Co layer, it corresponds 
to a stress  = Y × strain ~80 MPa developed in it. 
 
1.3.2 Fabrication Methods 
 
The process flow for fabrication and characterization of magnetostrictive 
ellipsoidal nanomagnets to study strain-induced magnetization rotation is as follows: 
1) Poling of piezoelectric substrate 
2) Spin-coat electron-beam resist on piezoelectric substrate 
3) Perform electron-beam lithography (EBL) 
4) Deposit magnetic material using electron-beam evaporation 
5) Verification of elliptical Co nanomagnets’ dimensions 
 
A detailed explanation of the process methodology is given below: 
 
1) Poling of piezoelectric substrate 
A PMN-PT substrate having dimensions of 550.5 mm3 is poled with a field of 
+800 kV/m in a castor oil bath, as described in the previous section (and not on the 
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substrate used in the strain measurements). Subsequently, the substrate was cleaned in 
acetone and isopropyl alcohol (IPA). 
 
2) Spin-coat electron-beam resist on piezoelectric substrate  
A bilayer of positive e-beam resist (495K PMMA and 950K PMMA; 2% Anisole) 
was then spin-coated using the following procedure: A static dispense of ~3 ml (495K 
PMMA) was carried out on the PMN-PT substrate followed by a dynamic spread at 500 
rpm for 5 seconds. The spin cycle was performed at a rate of 4000 rpm for 45 seconds. A 
pre-bake at 115°C (so as not to exceed the PMN-PT Curie temperature of 150°C) was then 
performed for 90 seconds, resulting in a 495K PMMA layer of ~ 30 – 40 nm (Microchem). 
The top 950K PMMA layer was spin-coated next using the same procedure, resulting in 
the final bilayer PMMA having a thickness of ~ 60 – 80 nm. 
The reason for the bilayer PMMA (instead of a single layer) is to ensure effective 
liftoff of metallic structures. Since the bottom resist layer, 495K PMMA, has lower 
molecular weight than the top layer, it has a greater sensitivity to exposure from the 
electron beam during lithography than the upper resist layer having higher molecular 
weight. This results in the bottom resist layer developing with an enhanced undercut, 
thereby ensuring little to no deposition along the sidewalls during material evaporation 
(Fig. 1.10).  
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Sidewall deposition usually causes post-liftoff structures to have greater 
dimensions than desired, as can be seen in the thicker line width of ~72 nm of Fig. 1.11a 
(single layer PMMA). In contrast, the use of bilayer PMMA results in finer structures (~33 
nm) due to a less abrasive liftoff (Fig. 1.11b). 
 
Substrate 
495K PMMA 
950K PMMA 
Figure 1.10: Undercut in bilayer PMMA resist after exposure to electron-beam during the 
lithography process 
Figure 1.11: Post-lithography/deposition/lift-off structures using a) single layer 950K PMMA, and b) 
bilayer 495K/950K PMMA. 
a) b) 
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3) Perform electron-beam lithography (EBL)  
Following the bilayer PMMA resist spin-coating, the patterns (Fig. 1.12) to be 
created are written and transferred to the bilayer resist through EBL using a Hitachi SU-70 
Scanning Electron Microscope (SEM) in conjunction with the Nabity Nanometer Pattern 
Generation System (NPGS). The SEM is configured to have an acceleration voltage of 30 
KV and the appropriate aperture/lens setting to give a beam current of 60 pA. 
 
 The e-beam lithography process is carried out with an area dose of 150 – 300 
μC/cm2 to create the elliptical structures in Fig. 1.12, where 
Figure 1.12: Pattern design using DesignCAD Express v16.2 
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(            )  (             )
(                )  (            )
 
    
 The color variation of the patterns in Fig. 1.12 represent different dosages, with the 
first pattern in an array having the lowest dose (say, 150 μC/cm2 in our particular dosage 
range) while the final pattern having the highest dose (300 μC/cm2). Since we enter values 
for the ‘Area Dose’, the ‘Exposure Time’ (exposure time per point) is automatically 
calculated to match the dose. 
 The beam current is 60 pA, as measured during the SEM beam optimization. The 
center-to-center spacing defines the spacing of the exposure points during the electron 
beam exposure, as illustrated in Fig. 1.13. 
 
 After pattern exposure is completed with the SEM/Nabity NPGS system, the 
PMMA-coated substrate is then developed in an MIBK:IPA (1:3) [(methyl isobutyl ketone: 
isopropyl alcohol)] solution for 70 seconds, rinsed in IPA for 20 seconds to remove the 
exposed PMMA and finally blow-dried. 
Center-to-center 
Line Spacing 
Figure 1.13: Center-to-center and Line Spacing during electron-beam exposure 
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 After exposure and development, the substrate is viewed under an optical 
microscope to verify that pattern transfer has indeed taken place (Fig. 1.14a). Although the 
nano-patterns are not discernable under an optical microscope, we can observe if any major 
abnormalities in the lithography process occur, such as the beam-blanker issues that can be 
clearly seen in Fig. 1.14b. The yellow arrows demonstrate the effects of a faulty beam-
blanker which results in exposed lines between patterns and unwanted exposure points 
(large circular regions) in the center of the patterns. 
 
4) Deposit magnetic material using electron-beam evaporation  
Next, the substrate is loaded in an electron beam evaporator, having a base pressure of ~3.5 
× 10
-7 
Torr. A 5 nm Ti adhesion layer is deposited at a deposition rate of 0.5 angstrom/s, 
followed by a 12 nm layer of Co at a rate of 0.3 angstrom/s. Finally, lift-off was performed 
a) b) 
Figure 1.14: Optical microscopy images of post-EBL exposure and development 
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by soaking the substrate in acetone for ~5 minutes at 30° C and using an ultrasonic cleaner 
for 10 seconds to strip off the Ti/Co layers above the unexposed PMMA regions.  
 
5) Verification of elliptical Co nanomagnets’ dimensions 
Finally, we analyze the Co structures after e-beam evaporation and liftoff using the SEM to 
get approximate measurements of the lateral dimensions of the elliptical nanomagnets (Fig. 
1.15). Note that in the nanomagnet array, the e-beam dosage (and correspondingly, the 
beam exposure time) increases from 150 μC/cm2 to 300 μC/cm2. Therefore, the structures 
having greater dosages appear to have larger dimensions (the lateral dimensions of the 
structures in Fig. 1.15a were 250 nm × 150 nm) since the exposure time is greater, thereby, 
causing a wider area to be exposed by the electron beam due to the proximity effect 
(forward- and back-scattered electrons expose a wider area of the resist than the original 
region of the incident beam). The optimal area dose is ~ 250 μC/cm2. We use a range of 
dosage values to account for resist thickness variations on the substrate and other 
fabrication variations. 
The thickness of the structures is measured using the Atomic Force Microscope 
(AFM) (Figure 1.16). By doing so, we can conclude whether our fabrication and 
deposition processes were optimum or need to be altered. Note that the array in Fig. 1.16 is 
the same array as that shown in the SEM image of Fig. 1.15a. Also, we can see that the 
boundary of the structures is thicker than the inner regions. This buildup along the edges 
can be attributed to liftoff variance. We can, therefore, conclude that the elliptical Co 
nanomagnets will undoubtedly suffer from variation in dimensions (lateral and thickness) 
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and, as a result, we consider a variation of ~5% from the nominal dimensions when we 
conduct Magnetic Force Microscopy (MFM) studies on our structures (Chapter 5). 
Figure 1.15: SEM images of (a) isolated Co nanomagnets with nominal dimensions of 250 nm × 150 
nm, and (b) dipole-coupled nanomagnets (250 nm × 150 nm, left; 200 nm × 175 nm, right) 
a) 
b) 
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1.3.3 Characterization & Analysis 
 
Magnetic characterization of the elliptical nanomagnets is performed using a Veeco 
Atomic Force Microscope (AFM) with low-moment magnetic force microscope probes 
(Bruker MESP-LM) at a lift height of 60 nm. Since the MFM tips are magnetized (in a 
direction perpendicular to the substrate), they can affect the magnetization of the sample 
and result in erroneous and/or ambiguous magnetic phase images. Other factors including 
the small volume of the nanomagnets and the low coercivity of the magnetic material (the 
lower the coercivity, the greater the possibility of the tip affecting the magnetization of the 
magnet) play a part in these tip-induced effects. In order to minimize this, we use low-
moment MFM tips that are less prone to affecting the magnetization of the magnetic 
structures. Also, since the coercivity of Co is greater than that of Ni, we use Co as the 
Figure 1.16: AFM topography image of Co nanomagnets on PMN-PT substrate 
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magnetostrictive materials in our experiments. However, since the saturation 
magnetization (Ms) of Co is higher than that of Ni, for similar dimensions, the Co 
nanomagnets have a higher shape anisotropy energy. These factors mentioned above 
directly correspond to the shape anisotropy of the nanomagnets. In choosing the 
nanomagnet dimensions we, therefore, have to find a “sweet spot” where the shape 
anisotropy is sufficiently high to allow good MFM imaging (with low moment MFM tips) 
but is low enough that the stress generated can overcome it and rotate the magnetization of 
the nanomagnets as desired. As illustrated in Fig. 1.17, nanomagnets having higher shape 
anisotropy (250 nm × 175 nm) are highly resistant to tip-induced effects, whereas those 
having lower shape anisotropy (200 nm × 185 nm) are susceptible to tip-induced 
magnetization reorientation. The choice of dimensions are explained in detail in Chapter 5. 
 
(250x175)                (200x185) 
Figure 1.17: MFM phase images of nanomagnets with high- and low-shape anisotropy  
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1.4 Organization of the Dissertation 
 
 The remainder of this dissertation is organized as follows. Chapter 2 introduces the 
concept of four-state multiferroic devices possessing biaxial magnetocrystalline anisotropy 
that gives rise to four distinct stable magnetization directions in which four, 2-bit states can 
be encoded. The clocking of these multiferroic nanomagnets is accomplished using the 
“straintronics” scheme to demonstrate four-state Boolean NOR logic. Chapter 3 examines 
the propagation of this NOR logic (magnetization orientation or logic bit) along a chain or 
‘wire’ of these nanomagnets using a novel Bennett clocking scheme. In Chapter 4, higher 
order applications of four-state magnetic elements are investigated. An image processing 
scheme is demonstrated where an image encoded in a 512 × 512 array of four-state nickel 
nanomagnets that is corrupted by noise is automatically recovered on a very short 
timescale. Image recognition and neuromorphic applications are also discussed. 
 Experimental demonstration of strain-induced magnetization switching in two-state 
elliptical cobalt nanomagnets on a bulk piezoelectric substrate is shown, for the first time, 
in Chapter 5. Several scenarios of switching are examined which lay the platform for 
future ultra energy-efficient Boolean computation using the “straintronics” scheme. 
Finally, a summary of the research work conducted in this dissertation is provided in 
Chapter 6, with the scientific contribution of this work highlighted along with its future 
outlook. 
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CHAPTER 2 Four state Nanomagnetic Logic using Multiferroics 
 
As explained in Chapter 1, nanomagnetic logic (NML) is an emerging paradigm for 
low-power computing
 
in which logic bits are encoded in the magnetization orientations of 
single-domain nanomagnets. This makes the logic system both non-volatile and energy-
efficient since magnets have no leakage and hence no standby power dissipation. Logic 
operations are carried out with a “clock” that flips the magnetization orientations of the 
magnets in response to one or more inputs and produces the desired output. By engineering 
the dipole interactions between neighboring magnets, different types of logic gates can be 
realized. These can then be "wired" appropriately with dipole coupled magnet arrays to 
implement sequential or combinational digital circuits. 
 
2.1 Background 
 
Multiferroic materials that exhibit multiple ferroic orders simultaneously are being 
increasingly harnessed for spintronics, high-density data storage and multifunctional 
devices such as magnetoelectric transducers (Nan et al., 2008). While multiferroics have 
traditionally been defined as single-phase materials, a growing number of composite 
structures incorporating magnetic and piezoelectric materials have been studied as 
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multiferroic heterostructures to overcome the shortcomings that plague single-phase 
multiferroics, namely low magnetoelectric response and low operating temperatures (Pan 
et al., 2008; Eerenstein, Mathur and Scott, 2006). 
The multiferroic nanomagnet studied in this research is a two-phase system 
consisting of a piezoelectric layer in contact with a thin magnetostrictive layer. In such a 
multiferroic composite, the magnetoelectric effect arises from the coupling of electric and 
magnetic phenomenon through elastic interaction (Nan et al., 2008). When an electrostatic 
potential is applied to the piezoelectric layer, the strain resulting from its change in shape is 
elastically transferred to the magnetostrictive layer, which in turn causes a change in its 
magnetization (Cullity and Graham, 2009; Chikazumi, 1964).  
 
2.2 Principle of Four-state Nanomagnetic Logic 
 
We can further embellish the multiferroic’s functionality by introducing biaxial 
magnetocrystalline anisotropy in the magnetostrictive layer, giving it four possible stable 
magnetization directions (“up”, “right”, “down”, “left”) that are chosen to encode four 
possible 2-bit combinations (00, 01, 11, 10), illustrated in Fig. 2.1(a). These four directions 
correspond to the four (degenerate) minimum energy configurations of the multiferroic. 
For single crystal Ni, with magnetocrystalline anisotropy constant K1 < 0, the ‘easy’ 
directions that encode these states in the (001) plane are the [   ], [ ̅ ̅ ], [ ̅  ] and [  ̅ ] 
directions, as shown in the energy curves in Fig. 2.1(a) (saddle-shaped curves). However, 
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since this would result in the energy minima occurring along the 45°, and 135° 
directions, a phase shift of +45° is introduced (), where  is the angle made by the 
magnetization direction with the +x-axis. This is equivalent to rotating the Cartesian 
coordinate axes by an angle of 45° about the axis normal to the magnet's plane. In the new 
coordinate system, the energy minima would now occur along the x- and y- axes (0°, 90°, 
180°). As explained in Section 1.2.1, in addition to the magnetocrystalline anisotropy 
(requires challenging epitaxial layer growth of the single-crystal magnetostrictive layer), 
four-state nanomagnets can also be implemented by the relatively simpler technique of 
shape engineering of the nanomagnetic element. For instance, concave-shaped 
nanomagnets (Cowburn, D. K Koltsov, et al., 1999; Vavassori et al., 2005; Lambson et al., 
2013; Salehi Fashami and D’Souza, 2014), as illustrated in Fig. 2.1(b), have been shown to 
Figure 2.1: a) Multiferroic nanomagnet incorporating biaxial anisotropy and creating 4 possible 
magnetization directions (easy axes): ‘up’ (00), ‘right’ (01), ‘down’ (11) and ‘left’ (10). The bit 
assignments for these states are , respectively. The energy profile of the nanomagnet in 
the unstressed state is illustrated by the saddle-shaped curve, with the energy minima along the easy 
axes. b) Four-state concave nanomagnet with concavity, d, and lateral dimensions, a, illustrating the 
easy and hard axes. 
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possible four possible stable magnetization orientations.  
The four-state scheme with multiferroic nanomagnets possessing biaxial 
magnetocrystalline anisotropy can be exploited to realize four-state NOR logic (D’Souza, 
Atulasimha and Bandyopadhyay, 2011) (NOR represents a universal logic gate in digital 
circuits since it, like NAND logic, can be used to create all other logic gates). This is 
accomplished by applying a clock cycle consisting of a sequence of stresses to the output 
nanomagnet with an input nanomagnet on each side of it. Therefore, the final state of the 
output magnet is determined by its dipole interactions with the input magnets, while the 
stress cycle and an applied dc bias magnetic field provide the conditions necessary for 
NOR logic. 
 
2.3 Four-state NOR Logic 
 
2.3.1 Theory 
 
To understand how a 4-state NOR gate is realized, consider a three-nanomagnet array 
(linear along the x-axis) as shown in Figs. 2.2(a)–(d). A small dc bias magnetic field 
(pointing ‘up’) is also applied, the significance of which will be explained later. The input 
nanomagnets (AB, CD) are placed on either side of the output nanomagnet (EF). In this 
scenario, when two nanomagnets are placed next to each other, two types of dipole 
interaction arise. In the first case, when the magnetizations of both nanomagnets are 
perpendicular to the array axis (i.e. along the y-axis), the dipole interaction favors an anti-
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parallel ordering (or anti-ferromagnetic coupling) of adjacent magnetizations. The second 
type occurs when the magnetizations are parallel to the array axis (i.e. along the x-axis). In 
this case, dipole interaction favors a parallel ordering (or ferromagnetic coupling) of 
adjacent magnetizations. These dipole interactions are exploited, along with a small global 
dc magnetic field to resolve tie situations, to realize a 4-state NOR universal logic gate as 
explained below. 
 
In the arrangement shown in Figs. 2.2(a)–(d), the two input nanomagnets, encoding 
bits AB and CD, are located on either side of the output nanomagnet encoding bits EF. 
Four different scenarios are investigated, with each row representing a particular input 
Figure 2.2: The nanomagnet array with a static bias magnetic field applied to realize the NOR 
operation. The two input nanomagnets (AB, CD) are placed on either side of the output magnet (EF). 
The gray, dotted arrows indicate the cases where the output state is influenced by the bias field.  
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combination. Since the input bit is a composite 4-state bit, only 4×4=16 combinations of 
the input magnetizations are possible, giving rise to no more than sixteen scenarios. The 
input magnets are assumed to have fixed magnetizations while the output magnet encoding 
the output bit EF is subjected to a stress cycle (Tension (T)  Relaxation (R)  
Compression (C)  Relaxation (R); described in detail later) which causes its 
magnetization to rotate into an orientation that, as we show later, is always the NOR 
function of a combination of the inputs. Thus, the array acts like a universal NOR gate. 
 
The first case is shown in Fig. 2.2(a), where the magnetization direction of the 
input magnets is perpendicular to the axis of the nanomagnet array. When both input 
magnetizations are oriented “up” (or “down”) (first two rows of Fig. 2.2(a)), the dipole 
coupling favors a “down” (or “up”) orientation of the output nanomagnet. When one input 
magnetization points “up” and the other points “down” (third and fourth rows of Fig. 
2.2(a)), the output nanomagnet is in a tied or frustrated state, which we resolve using a 
global static magnetic field pointing "up" that forces the output magnetization to point 
“up”. The second scenario is shown in Fig. 2.2(b), where input magnetizations are parallel 
to the nanomagnet array axis. When both input magnetizations are oriented “left” or 
“right” (first two rows of Fig. 2.2(c)), the dipole coupling respectively favors “left” or 
“right” orientation of the output nanomagnet. When one input magnetization points “left” 
and the other points “right” (third and fourth rows of Fig. 2.2(c)) the output nanomagnet is 
in a tied state, and ends up pointing neither “left” nor “right”, but orienting upward because 
of the global bias field. The third (Fig. 2.2(d)) and fourth (Fig. 2.2(e)) scenarios are mixed 
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inputs, where one input magnetization points perpendicular (“up/down”) and the other 
parallel (“left/right”) to the axis of the array, thereby favoring a “down/up” or “left/right” 
orientation of the output magnetization. If one of the inputs is “down”, the bias field adds 
to the dipole field ensuring that the output is “up”, while if one of the inputs is “up”, the 
bias field counters the dipole field, causing the output to point either “left” or “right” 
depending on the second input. 
 The input bits (AB, CD) and the resulting output bit (EF) determined by inter-
magnet dipole interaction, are transferred to a Karnaugh map (K-map) to simplify the 
logical relation between the inputs and the output. The output table of the K-map is shown 
in Fig. 2.3. On simplification, it yields    ̅   ̅ (equivalently,      ̅̅ ̅̅ ̅̅ ̅̅ ) and    ̅   ̅ 
(equivalently      ̅̅ ̅̅ ̅̅ ̅̅ ), which is NOR logic. Here,  ̅ represents the logical inverse 
(NOT) of A, ‘+’ the logical OR operation, and ‘  ’ the logical AND operation.  
Figure 2.3: A Karnaugh-map representation of the input (AB, CD) combinations is illustrated, with 
the output EF indicated in the dotted rectangle, which is then separated into individual E and F sub-
K-maps in order to determine their logical expressions  and . 
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 Detailed simulations were performed to confirm that the magnetization of the 
output magnet always represents the NOR function of the inputs, independent of its initial 
orientation, when we clock its piezoelectric layer with a voltage across its thickness to 
generate the proper strain cycle. The voltage strains the piezoelectric layer via the d31 
coupling and we ensure that it always results in uniaxial tensile or compressive stress in the 
45° direction by mechanically restraining expansion or contraction in the direction 
perpendicular to the 45° direction. The same could have been achieved by applying the 
electric field along the 45° direction, which will generate stress in that direction via the d33 
coupling. For purposes of simulation, we considered the total energy of the output 
nanomagnet when its magnetization vector subtends an angle θ2 with the positive x-axis 
(assuming a 2-dimensional model of magnetization rotation with no out-of-plane excursion 
since the magnetostrictive layer is sufficiently thin) (Chikazumi, 1964): 
 (2.1) 
where the first term is the energy of dipole interaction between the output magnet and its 
neighbors subtending angles  and 3 with the positive x-axis, the second term is the 
magnetocrystalline anisotropy energy with K1 being the first-order magnetocrystalline 
anisotropy constant, the third term is the stress anisotropy energy due to stress applied 
along the [100] direction (45° with the x-axis) with 100 being the magnetostrictive 
constant in the direction of stress, and the last term is the interaction energy due to the 
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static bias field Happlied pointing in the “up”, or  110 , direction. Here,  is the permeability 
of free space, Ms is the saturation magnetization,  is the nanomagnet volume, and R is the 
distance between the centers of two adjacent nanomagnets. The stress  is positive for 
tension and negative for compression. When the orientations of one or both input magnets 
are changed to conform to a new set of input bits, the array temporarily goes into an 
excited state. A sequence of stresses applied on the output magnet then drives it to a new 
ground state in which its orientation is the NOR function of the new inputs. 
 For single crystal nickel with K1 < 0, the magnetic easy axes are <111> and hard 
axes are <100>. We tacitly assume that the two-dimensional geometry of the nanomagnet 
precludes out-of-plane excursion of the magnetization vector due to a large magnetostatic 
energy penalty. Thus, the magnetization is confined to the (001) plane while [   ], [ ̅ ̅ ], 
[ ̅  ] and [  ̅ ] are the easy axes and therefore the ground states which respectively 
correspond to the 90°, 0°, -90° and 180° orientations in Fig. 2.1(a).  
 Now assume a scenario when the output magnet's magnetization is along an easy 
axis. When the input bits are changed, the dipole interaction between the magnets changes, 
but the dipole interaction energy is not strong enough to move the magnetization of the 
output magnet away from the easy axis. The easy axis is now no longer the global energy 
minimum (ground state), but it is still a local energy minimum (metastable state) and 
dipole interaction is simply not strong enough to push the system out of the metastable 
state and into the ground state. Thus, a new and correct output is not produced in response 
to the inputs. However, upon applying a stress, the magnetization of the output magnet is 
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pushed out of the easy axis (metastable state) and after removal of stress, it should finally 
settle into the ground state. Since the magnetostrictive coefficient 100 of Ni is negative, a 
tensile stress along [100] rotates the magnetization to either the -45° or the +135° state 
(depending on which is closest to its initial state), while a compressive stress along [100] 
direction rotates the magnetization to either the -135° or +45° states. When stress is 
released, the dipole interactions and any static bias magnetic field determine which of the 
two adjacent easy directions the output magnetization settles into. By choosing the bias 
field properly, we can ensure that the final output is always the NOR function of the 
inputs. This is the basis of the NOR gate. 
 Note that to rotate the magnetization through 180°, one needs both a tensile and 
compressive stress cycle, with each half-cycle producing a +90° rotation. However, 
applying this tension and compression cycle need not always cause a 180° rotation. The 
final amount of rotation is determined uniquely by the states of the two input magnets (left 
and right neighbors) as we show next. 
 
2.3.2 Role of the bias field magnitude 
 
The dc bias field plays an important role in determining the output state. In certain 
cases, such as the third and fourth rows in both Fig. 2.2 (a) and 2.2(b), the output magnet is 
in a tied state under the influence of dipole coupling from its right and left neighbors (input 
magnets). Therefore, a dc bias field is necessary to resolve this tie and uniquely determine 
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the output, which is "up" in this case because we have chosen an upward pointing dc bias 
field.  
Furthermore, we also need to choose the magnitude of the dc bias magnetic field 
(~1000 A/m, applied along the +y axis) correctly to achieve NOR logic. This is the case for 
all input combinations described in Fig. 2.2 (c, d), because the dipole field (~1500 A/m) 
acting along the magnet's ±x-axis (θ = 0° or 180º due to ferromagnetic coupling along the 
magnet axis) has twice the magnitude of the dipole field (~750 A/m) acting along the 
magnet's ±y-axis (θ = 90°, 270°, anti-ferromagnetic coupling perpendicular to the magnet 
axis). This can be inferred from the expression for the dipole energy in Equation (2.1), 
[       (           )  (           )       , where the ‘cosine’ term 
contributes twice as much to the dipole interaction energy as the ‘sine’ term. 
For instance, in Fig. 2.2(d), the inputs are AB = “right/left” and CD = “up/down”. 
Therefore, the field experienced by EF due to dipole interaction consists of 2 components: 
HAB ~1500 A/m (along +x axis for rows 1, 2 and -x axis for rows 3, 4) and HEF ~750 A/m 
(along -y axis for rows 1, 3 and along +y axis for rows 2, 4). In the first row (Fig. 2.2(d)), 
the upward dc bias field (~1000 A/m) counters the downward dipole field due to CD (~ -
750 A/m). The resultant field in the +y direction (“up”), is +250 A/m while the field due to 
AB remains 1500 A/m along the +x direction. This implies that the output EF will strongly 
favor rotation to the “right”, and align with input AB. 
The second row (Fig. 2.2(d)) has input AB = “right” and CD = “down”. 
Consequently, while the dipole field due to AB is the same as in the previous case (~1500 
A/m, +x-axis), the field experienced by EF due to dipole interaction with CD is now “up” 
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(~750 A/m) and is augmented by the dc bias field (+1000 A/m), which also lies along the 
same direction. The net dipole field on the output EF is therefore ~ 1750 A/m along +y 
while being only ~1500 A/m along +x, which results in the “up” direction being the 
preferred final state, satisfying the requirement for the NOR logic scheme in this 
configuration. 
The magnitude of the dc bias field (1000 A/m) is chosen to compensate for the 
disparity in dipole field contribution of the ferromagnetic and anti-ferromagnetic coupling. 
If Happlied << 1000 A/m, say only 250 A/m, the parallel component would dominate (Fig. 
2.2(d), rows 2, 4) the perpendicular component, and force a rotation along the x-axis 
instead of the desired "up" state required for the NOR logic scheme.  However, the dc bias 
field should not be too high (> 1500 A/m) either, since this would force a rotation to the 
"up" direction irrespective of the states of the inputs, thereby invalidating the NOR logic 
scheme. 
 
2.4 Numerical Simulations & Results 
 
 For numerical simulations, the multiferroic nanomagnets are assumed to be made 
of two layers: single crystal nickel and lead-zirconate-titanate (PZT) with the following 
properties for Ni: 100 =        , K1 =          J m
-3
, Ms =          A m
-1
 (Lee, 
1955), and Young’s modulus Y =        Pa. The PZT layer can transfer up to     
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     strain to the Ni layer (Lisca et al., 2006), which allows a maximum stress of 100 MPa 
to occur in the Ni layer. 
The nanomagnets are assumed to be circular disks with diameter 100 nm and 
thickness 10 nm, while the center-to-center separation (or pitch) is 160 nm. The above 
parameters were chosen to ensure that: (i) The magnetocrystalline energy barrier of the 
nanomagnets is sufficiently high (~0.55 eV or ~22 kT at room temperature) so that the 
static bit error probability due to spontaneous magnetization flipping is very low; (ii) The 
stress anisotropy energy (~1.5 eV) generated in the magnetostrictive Ni due to a strain of 
         transferred from the PZT layer can rotate the magnetization against the 
magnetocrystalline anisotropy; and (iii) The dipole interaction energy is limited to 0.2 eV, 
which is lower than the magnetocrystalline anisotropy energy. This prevents the 
magnetization from switching spontaneously without the application of the stress cycle. 
To show that the “output” nanomagnet behaves as desired (for the various 
configurations shown in Fig. 2.2), its total energy (Etotal) is computed as a function of its 
orientation 2 upon application of the stress cycle: tension → relaxation → compression → 
relaxation, in increments/decrements of 0.1 MPa stress up to a maximum amplitude of 100 
MPa. The results are shown in Fig. 2.4. At the completion of the stress cycle, the final state 
of the output magnet (i.e. the final value of 2) will be always at the new energy minimum 
closest to the initial energy minimum. Since this new energy minimum is determined by 
dipole interactions with the input magnets, the output state is a function of the two input 
states. We have verified that the output EF conforms to the NOR function of the inputs for 
all 16 possible combinations of the input bits AB and CD irrespective of whether EF is 
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initially ‘00’ or ‘01’ or ‘10’ or ‘11’. Here, we study one particular case: the input 
nanomagnets having magnetization directions as “right” and “up”, i.e. AB = ‘01’ and CD = 
‘00’ with the output magnet ‘EF’ is initially in the “down” (‘11’) state as shown in Fig. 
2.4. All other cases are exhaustively studied and can be found in Appendix A of this 
dissertation. 
The "*" markers in Fig. 2.4 represent the magnetization orientation (2) of the 
output magnet at a particular stress value. The dotted line represents the energy landscape 
(circle highlights the magnetization orientation) of the output magnet EF at the start of a 
particular stress cycle, while the solid lines are energy profiles at different stages of the 
Figure 2.4: Energy plots of the output nanomagnet (EF) as a function of the magnetization angle 2 
of the output magnet. The initial conditions used are: AB = ‘01’, CD = ‘00’ and EF = ‘11’. The "*" 
markers represent the magnetization orientation at a particular stress while the circle and square 
depict the initial and final magnetization states of EF at the beginning and at the end of the stress 
cycle, respectively.  
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stress cycle. The square marks the magnetization orientation at the end of that stage of the 
clock cycle. When tensile stress is applied to the nanomagnet along the [100] direction (i.e. 
at  = +45°), the output magnetization rotates right and settles at -45° as shown in Fig. 
2.4(a). This is because Ni has negative magnetostriction and a tensile stress tends to rotate 
the magnetization away from the +45° stress axis. Of the two perpendicular directions 
(+135° and -45°) which are degenerate in energy, -45° is closer to the initial orientation 
and hence the magnetization rotates from -90° to ~ -40°. It can be seen that at a particular 
stress (~ 50 MPa), the magnetization shows a strong tendency to rotate towards 0° (~ -10°) 
before settling back to ~ -40°. This is due to the dipole interaction that favors 
ferromagnetic coupling over antiferromagnetic coupling by a factor of 2:1, as can be easily 
inferred from the dipole energy term in Equation (2.1). This feature also explains why the 
magnetization does not settle at -45° at this stage, but instead stops at an angle of ~ -40°.  
In the next stage, the stress on ‘EF’ is stepped down to zero. The result, shown in 
Fig. 2.4(b), indicates relaxation of the magnet’s magnetization from ~ -40° to ~ 0° as 
expected. This can be explained by understanding the effect of the bias field and dipole 
interaction on the output magnet. The left input (AB) favors the output magnetization 
orienting parallel to it, i.e. pointing “right”, while the right input (CD) favors the output 
aligning anti-parallel to it, i.e. pointing "down". However, the global bias field, pointing 
"up", counters the dipole coupling of the right input (CD) wanting the output to point 
“down” (or -90º). Therefore, the net effect is that the “right” (or 0º) state is favored, 
causing the output magnetization vector to settle to 0° when stress is relaxed. Following 
this, a compressive stress is applied to ‘EF’ at +45° that rotates the magnetization from ~ 
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0° to ~ +40° (Fig. 2.4(c)).  Subsequently, when stress on ‘EF’ is relaxed to zero, the final 
state of the output magnet settles back to ~ 0° (“right”) under the influence of dipole 
interaction and the bias field as expected. Thus at the end of the cycle, the output EF = ‘01’ 
is realized, showing successful NOR operation. 
 
2.5 Conclusion and Discussion 
 
In conclusion, extensive numerical simulations (the additional fifteen scenarios 
illustrating NOR logic are detailed in Appendix A) demonstrate the feasibility of four state 
nanomagnetic logic using multiferroic nanomagnets with biaxial anisotropy (Pertsev and 
Kohlstedt, 2009). Not only does the use of 4 states increase the logic density twofold over 
the conventional 2-state, but because of its four distinct minima, it can also act as an 
associative memory element (Roychowdhury et al., 2002) that has applications in pattern 
recognition and other signal processing functions. Thus, the multiferroic straintronic 4-
state logic family is a very attractive paradigm for computing; it is dense, low-power and it 
is capable of higher order signal processing functions that go beyond Boolean logic. 
The voltage required to generate the maximum stress of 100 MPa in the Ni layer 
was computed by Atulasimha and Bandyopadhyay (2010) as 0.2 V, which is why the clock 
pulse amplitude will be V = 0.2 V. The energy dissipated in the clock is (1/2)CV
2
 for each 
turn-on and turn-off event, for a total energy dissipation of 2CV
2
 per gate operation, where 
C is the capacitance of the PZT layer estimated to be 1.7 fF based on the dimensions of the 
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multiferroic magnet and a relative dielectric constant of 1000 for PZT. Therefore, the 
energy dissipated for a single gate operation of this 4-state gate is            Joules, or 
33,000 kT. There is some additional energy dissipated in the magnet to overcome the 
magnetocrystalline anisotropy barrier, which is comparatively negligible. The total energy 
dissipated may be reduced further by optimizing the material choice (e.g. Terfenol-D 
instead of nickel). 
Next, the methodology proposed for the reading and writing of the magnetization 
“bits” is described. 
The output bit states are read in the usual fashion using the spin valve approach. 
Here, we assume that there is a permanently magnetized hard magnet layer underneath the 
top nickel surface separated by a thin insulating barrier. Thus, there is a vertical spin valve 
associated with every gate. The resistance of this spin valve will allow us to read the output 
bit. 
Let us assume that the hard magnet is magnetized in the [  ̅   direction. The spin 
valve will then certainly be able to distinguish bits encoded in the [  ̅   and [ ̅    
directions since they are mutually anti-parallel. However, normally, the spin valve will not 
be able to distinguish bits encoded in the [     and [ ̅ ̅   directions since they subtend the 
same angle with the direction of the hard magnet’s magnetization. This situation can be 
resolved by orienting the magnetization of the Fe-Pt layer at an angle of 30º to one of the 
easy magnetic axes of the magnetostrictive layer. Since the current passing through a spin 
valve structure is proportional to cos
2(θ/2) the easy direction for a 4-state device will be 
easily distinguishable (θ=30º, 120º, 210º, 300º and respectively cos2(θ/2) =0.933, 0.250, 
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0.067, 0.750), thereby, allowing the reading device to distinguish between bits stored in 
these directions.  
For writing, we need to make the magnetization point in a specific direction. For a 
regular 2-state memory instead of the 4-state memory, one could have preceded every 
write cycle with a read cycle. If the stored bit turns out to be the desired bit, nothing is 
done. Otherwise, a stress is applied to flip the magnetization. Unfortunately, this approach 
does not work with 4-state memory since when starting from an initial state, there is an 
equal possibility of ending up in the two neighboring states if stress is applied to switch the 
magnetization. Therefore, one will require spin transfer torque (STT) exerted with a spin 
polarized current passed in-plane (in the plane of the magnet with biaxial 
magnetocrystalline anisotropy). The magnetization will settle in the direction of the spin 
polarization of the spin polarized current that induces the STT. This accomplishes the 
“write” operation. 
  Furthermore, it is imperative that one is able to deliver the output of one logic gate 
to the input of another in a unidirectional manner so that combinational and sequential 
circuits can be implemented. This will require a “unidirectional logic wire” which is 
implemented by a chain of nanomagnets, two of which are clocked simultaneously in a 
particular stress cycle. This clocking scheme can implement the unidirectional wire and it 
is also possible to implement fan-in and fan-out to connect multiple logic gates to one. 
This scheme of information propagation is described in detail in the next chapter. 
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CHAPTER 3 Bennett Clocking Scheme for Four-State Multiferroic 
Logic Propagation 
 
3.1 Background and Theory 
 
 In conventional binary nanomagnetic logic (NML), bits 0 and 1 are encoded in two 
stable magnetization directions of single-domain nanomagnets with uniaxial shape 
anisotropy (Cowburn and Welland, 2000; Bandyopadhyay and Cahay, 2009). Data 
transmission between them requires: (i) dipole interaction between neighbors, and (ii) a 
Bennett clock that temporarily reorients the magnetization of every nanomagnet away from 
one of the stable directions to allow a bit to propagate through it (Behin-Aein, Salahuddin 
and Datta, 2009; Bennett, 1982; Atulasimha and Bandyopadhyay, 2010). It was previously 
described how the straintronics scheme can be employed to “Bennett clock” 
unconventional multi-state logic circuits in NML with extremely low energy dissipation. 
Although local clocking in this manner increases the lithography overhead significantly 
due to an increased number of contacts, the pipelining of information propagation and 
lower error makes it a better architecture than the global clocking schemes. In this chapter, 
straintronics clocking schemes to propagate composite logic bits (2 bit states) in four-state 
logic circuits are demonstrated. 
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 The previous chapters introduced the concept of four-state nanomagnetic logic 
using multiferroics and employing “straintronics” to carry out the logic operations. By 
incorporating biaxial magnetocrystalline anisotropy in the magnetostrictive layer 
elastically coupled to a piezoelectric layer, four possible stable magnetization directions 
(“up”, “right”, “down”, “left”) are generated, in which 2-bit states (00, 01, 11, 10) can be 
encoded, as illustrated in Fig. 2.1(a).  
 Because of magnetocrystalline anisotropy, unstressed single-crystal Ni has its 
“easy” axis of magnetization along the <111> direction, a “medium” axis along the <110> 
direction and a “hard” axis along the <100> direction. In our study, we assume that the 
two-dimensional geometry of the Ni layer suppresses out-of-plane excursion of the 
magnetization vector because of the large magnetostatic energy penalty, so that the 
magnetization vector always lies the (001) plane. In that case, the “easy” axes of single-
crystal Ni in the unstressed state are [   ], [ ̅ ̅ ], [ ̅  ] and [  ̅ ] in Miller notation. As 
explained in Sections 1.2.1 and 2.2, shape engineering can be utilized as a means to 
introduce biaxial anisotropy in single domain nanomagnets, without the need for 
epitaxially growing single crystal nanomagnets with high magnetoscrystalline anisotropy. 
Next, a synchronous Bennett clocking scheme is demonstrated where each 4-state 
multiferroic nanomagnet is subjected to a particular stress cycle that will allow 2-state 
logic bits to be propagated unidirectionally along a data path (D’Souza, Atulasimha and 
Bandyopadhyay, 2012a). A novel scheme is developed for such logic propagation and its 
feasibility is demonstrated by modeling the rotation of magnetization of each nanomagnet 
due to a cycle of tensile and compressive stresses generated by positive and negative 
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electrostatic potentials applied across the piezoelectric layer of each multiferroic 
nanomagnet. 
 
3.2 Bennett Clocking of four-state NML using Straintronics 
 
3.2.1 Bennett Clocking Scheme 
 
When magnetizations of two adjacent nanomagnets are parallel to the line joining 
their centers, the ordering will be ferromagnetic, but when the magnetizations are 
perpendicular to this line, the ordering will be anti-ferromagnetic because of dipole 
interaction. 
Thus, if the first bit in a linear array of circular 4-state multiferroics is switched 
from its initial state to one of the three other stable states, three possible arrangements 
result. Since each nanomagnet has four possible magnetization orientations, there are 
twelve distinct configurations that may arise when the first bit is switched, as illustrated in 
Fig. 3.1 (D’Souza, Atulasimha and Bandyopadhyay, 2012a). 
Consider the anti-ferromagnetic arrangement of Fig. 3.1(a), with the first 
nanomagnet’s magnetization orientation acting as the input bit to the line. In this 
configuration, the input magnetization can be switched from its initial “up” state to the 
“down”, “right” or “left” state. The corresponding nanomagnet states are shown in the 
Final State column (Fig. 3.1(a)) based on the fact that coupling will be ferromagnetic (F) 
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Fig. 3.1: Twelve distinct scenarios encountered during logic propagation. The “Initial State” column 
shows the the ground state magnetizations of a four-magnet array or “wire” with nanomagnet 1 
acting as the input bit to the array. The “Final State” column shows the expected state of the wire 
when the input nanomagnet is switched from its initial state to any of the three other possible states. 
(a) Anti-ferromagnetic arrangement with input = “up”, (b) ferromagnetic arrangement with input = 
“right”, (c) anti-ferromagnetic arrangement with input = “down”, and (d) ferromagnetic 
arrangement with input = “left”. 
along the nanomagnet-array axis and anti-ferromagnetic (AF) perpendicular to this axis. 
Therefore, when the input bit is flipped from “up” to “down”, the change is propagated 
along the array if it is appropriately clocked, with the input magnetization direction 
replicated in every odd-numbered nanomagnet from the left. This is a consequence of anti-
ferromagnetic ordering. If the input is switched to either “left” or “right”, ferromagnetic 
coupling will ensure that all the nanomagnets assume the “left” or “right” orientation, 
respectively. Similar considerations apply to the other three configurations in Figs. 3.1(b)-
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(d). Here, we only present the numerical results corresponding to row I in the arrangements 
of Fig. 3.1(a) that pertains to the anti-ferromagnetic arrangement with the input 
magnetization oriented “up”. All other cases have been exhaustively examined to confirm 
successful operation and are presented in Appendix B of this dissertation. 
Fig. 3.1(a) shows that in an anti-ferromagnetically coupled line, the first bit will be 
replicated in every odd-numbered nanomagnet (and has therefore propagated through the 
line) if the array can reach ground state after the first bit is flipped. This can happen only 
if the array does not get stuck in a metastable state and fail to reach the ground state 
(Bandyopadhyay, 2005b). It can be shown that dipole interaction alone cannot guarantee 
that the ground state will be reached, which is why multi-phase clocking is needed to 
nudge the system out of any metastable state should the system get stuck in one 
(Bandyopadhyay, 2005b). Additionally, the dipole interaction energy is usually not 
sufficient to overcome the magnetocrystalline anisotropy energy and rotate a nanomagnet 
out of its current orientation to a different orientation in order to propagate the bit. Thus, 
once again, a clock is needed to supply the energy needed to overcome the 
magnetocrystalline anisotropy energy. In Bennett clocking schemes, the clocking agent 
(local magnetic field, spin transfer torque, strain, etc.) will rotate the magnetization into an 
unstable state, perching it at the top of the magnetocrystalline energy barrier, and then the 
dipole interaction of its neighbors will push it into the desired stable state, thus ensuring 
unidirectional propagation of a logic bit. All this can happen reliably if we neglect thermal 
fluctuations that can induce errors in switching. The effect of thermal fluctuations is 
beyond the scope of this research work, but preliminary considerations show that they will 
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undoubtedly induce errors at room temperature, but not to the point where the scheme is 
invalidated. 
 
Consider the nanomagnet array of Fig. 3.2 consisting of four nanomagnets in the 
collective ground state of the array (row I). The magnetization of nanomagnet 1 on the far 
left is the input bit. If it is flipped from its initial “up” to “down” state at time t = 0, then at 
time t = 0+, we reach the situation shown in row II where nanomagnet 2 experiences equal 
and opposite dipole interactions from its two nearest neighbors (magnets 1 and 3) which 
are magnetized in opposite directions. As a result, the net dipole interaction experienced by 
Fig. 3.2: The clock cycle and stress sequences involved in propagating a logic bit unidirectionally 
are illustrated for the anti-ferromagnetic case when the input bit is switched from its initial “up” 
(row I) to the “down” state, which results in a tie-condition (row II). To counteract this, a 4-stage 
“clock” cycle is applied to nanomagnets 2 and 3 (rows III – VI) consisting of tension (T), 
compression (C) and relaxation (R).  
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nanomagnet 2 is zero. Thus, this nanomagnet does not flip its magnetization in response to 
the first nanomagnet’s flip, preventing propagation of the input logic bit down the chain. In 
other words, the array is stuck in a metastable state and cannot reach the ground state. 
In order to break this logjam and allow the logic bit to flow past nanomagnet 2, we 
have to apply the following clock cycle. We will assume that nanomagnets 1 and 4 remain 
stiff while nanomagnets 2 and 3 rotate when stressed. This is a good approximation if the 
magnetocrystalline anisotropy energy is significantly larger than the dipole interaction 
energy.  
 
3.2.2 Stress Clock Cycle for Data Propagation 
 Stage 1: Tension (T)/Compression (C) (row III) 
 After the input nanomagnet has been switched, nanomagnet 2 is subject to a tensile 
stress (gradually increased to a maximum value of +100 MPa), applied along the [100] 
direction (+45° to the +x-axis) (row III). Since Ni has a negative magnetocrystalline 
coefficient, a tensile stress tends to raise the energy along the axis of applied stress while 
lowering the energy along the axis perpendicular to this direction. A compressive stress 
does the exact opposite (Lisca et al., 2006). As a result, tension applied on nanomagnet 2 
along the [100] direction will prefer to align the magnetization along either -45° or +135° 
(-225°) directions while raising the energy barrier in the +45° and -135° (+225°) 
directions. Since the initial state of nanomagnet 2 is along the -90° direction and the energy 
barrier is raised along the -135° (+225°) direction, the only possible magnetization rotation 
that can take place is from -90° to -45°.  
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At the same time, a compressive stress (gradually increased to a maximum value of 
-100 MPa) is applied on nanomagnet 3 along the [100] axis, which causes its 
magnetization to rotate from the initial +90° state to the +45° state (row III). In all cases 
studied in this work, stresses are simultaneously applied on nanomagnets 2 and 3.  
 
Stage 2: Relaxation(R)/Compression(C) (row IV) 
Next, the tensile stress on nanomagnet 2 is gradually reduced to zero while keeping 
the compressive stress on nanomagnet 3 fixed. The magnetization of nanomagnet 3 
remains oriented in the +45° direction, but the magnetization of nanomagnet 2 rotates from 
-45° to 0°. This can be understood from the energy profiles of the nanomagnets under 
stress, which is discussed later. Rotations take place to lower the energy of a stressed 
nanomagnet to the minimum energy state. 
 
Stage 3: Compression(C)/Tension (T) (row V) 
A compressive stress (up to -100 MPa) is now applied on nanomagnet 2 and 
simultaneously the compressive stress on nanomagnet 3 is relaxed to zero. This is 
immediately followed by the application of a tensile stress (up to +100 MPa) on 
nanomagnet 3 while keeping nanomagnet 2 unstressed. Nanomagnet 2 rotates to its 
preferred lowest-energy state along +45°. The relaxation of stress on nanomagnet 3 pushes 
its magnetization towards 0° (ferromagnetic coupling is preferred over anti-ferromagnetic 
coupling since the former has a stronger dipole interaction) while the subsequent tensile 
stress results in rotation of the magnetization to -45°. 
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Stage 4: Relaxation(R)/Tension(T) (row VI): 
Finally, the compressive stress on nanomagnet 2 is relaxed while keeping the 
tensile stress on nanomagnet 3 fixed. This results in the magnetization of nanomagnet 2 
rotating to the final desired state of +90° (“up”). 
The clocking sequence described above successfully flips the magnetization of 
nanomagnet 2 in response to the flipping of the input nanomagnet 1 and allows the logic 
bit to propagate past nanomagnet 2. The same sequence of stresses is then applied to the 
next set of nanomagnets (3 and 4, with 2 and 5 now assumed to be stiff), which results in 
nanomagnet 3 eventually settling in the “down” orientation (-90°), mirroring the state of 
the input bit. By continuing this cycle, the input bit can be propagated down the entire 
chain, resulting in successful logic propagation. 
 
The above clocking sequence successfully flips the magnetization of nanomagnet 2 
in response to the flipping of the input nanomagnet 1 and allows the logic bit to propagate 
past nanomagnet 2. The same sequence of stresses is then applied to the next set of 
nanomagnets (3 and 4, with 2 and 5 now assumed to be stiff), which results in nanomagnet 
3 eventually settling in the “down” orientation (-90∘), mirroring the state of the input bit. 
By continuing this cycle, the input bit can be propagated down the entire chain, resulting in 
successful logic propagation. 
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3.3 Numerical Simulations & Results 
 
3.3.1 Anisotropy Energy Calculations  
 The above clocking sequence successfully flips the magnetization of nanomagnet 2 
in response to the flipping of the input nanomagnet 1 and allows the logic bit to propagate 
past nanomagnet 2. The same sequence of stresses is then applied to the next set of 
nanomagnets (3 and 4, with 2 and 5 now assumed to be stiff), which results in nanomagnet 
3 eventually settling in the “down” orientation (-90°), mirroring the state of the input bit. 
By continuing this cycle, the input bit can be propagated down the entire chain, resulting in 
successful logic propagation. 
 In order to prove rigorously that the magnetizations of the stressed multiferroic 
nanomagnets orient as described, a theoretical analysis is performed to determine the 
energy profiles of nanomagnets 2 and 3 under stress. The total energy of any nanomagnet 
is given by the equation  
Etotal = Edipole + Emagnetocrystalline + Estress,       (3.1) 
where Edipole is the dipole-interaction energy due to neighboring nanomagnets, 
Emagnetocrystalline is the intrinsic magnetocrystalline anisotropy energy and Estress is the stress 
anisotropy energy introduced by stress applied along the [100] direction. Since the shape 
of the nanomagnet is isotropic, there is no shape anisotropy energy. 
After nanomagnet 1 is switched, and nanomagnets 2 and 3 are stressed, their 
magnetizations rotate in order to reach the minimum energy state. Let us assume that their 
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magnetization vectors subtend angles 2 and 3 with the x-axis. In order to find these 
angles for the minimum energy state under a given stress, we make two simplifying 
assumptions: First, we assume that the magnetocrystalline anisotropy energy is so much 
larger than the dipole interaction energy that nanomagnets 1 and 4 are immune to dipole 
influences of their neighbors and do not rotate when nanomagnets 2 and 3 rotate under 
stress. Second, we will assume that the stresses on the nanomagnets are changed slowly 
enough that their magnetization vectors can follow quasi-statically. In that case, it is 
sufficient to compute the energy minima of nanomagnets 2 and 3 (Etotal-2 and Etotal-3) under 
any arbitrary stress to find the angles 2 and 3. There is also a third assumption here; 
namely, that we neglect effects of thermal fluctuations that may drive the system out of its 
minimum energy state randomly. 
 The total energies of nanomagnets 2 and 3 are given by  
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where the first term is the dipole-interaction energy of a nanomagnet with its neighbors, 
the second term is the magnetocrystalline anisotropic energy, and the third term is stress 
anisotropy energy resulting from a stress σ applied along the [100] direction (45° with the 
x-axis). Here, Ms is the saturation magnetization,  is the nanomagnet’s volume,  is the 
permeability of free space, R is the center-to-center separation between neighboring 
nanomagnets, n is the angle subtended by the n-th nanomagnet’s magnetization vector 
with the x-axis, K1 is the first order magnetocrystalline anisotropy constant, and 100 is the 
magnetostriction constant. 
Tensile stress is taken to be positive, while compressive stress is negative. The PZT 
layer can transfer up to a strain of 500 ppm to the Ni layer (Lisca et al., 2006), so that the 
maximum stress that can be generated in that layer is 100 MPa. The shape of the 
nanomagnets is that of a circular disk of diameter of 100 nm and thickness 10 nm, while 
the center-to-center separation between the nanomagnets is R = 160 nm. These dimensions 
ensure that the nanomagnet is single-domain (Cowburn et al., 1999). The parameters are 
chosen such that: (i) the magnetocrystalline anisotropy energy barrier is 0.55 eV (or 22 kT) 
at room temperature. This makes the static error probability associated with spontaneous 
flipping of magnetization very small, (ii) the dipole interaction energy is 0.2 eV, which is 
nearly 3 times smaller than the magnetocrystalline anisotropy energy, and (iii) the stress 
anisotropy energy at the maximum stress of 100 MPa is 1.5 eV which is enough to 
overcome the magnetocrystalline energy barrier and make the nanomagnet switch from 
one orientation to another. 
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3.3.2 Numerical Results  
 
In order to show that the magnetizations of nanomagnets 2 and 3 indeed rotate 
when the input nanomagnet is switched and the stress cycle on nanomagnets 2 and 3 is 
executed, and to find the new orientations of these nanomagnets, we follow the procedure 
below. For each value of stress, find Etotal-2 for every 2 while holding 1 and 3 constant at 
their initial values. Next, find Etotal-3 versus 3 while holding 4 constant at the initial value 
and 2 constant at the value corresponding to the minimum of Etotal-2. Next, we re-evaluate 
Etotal-2 versus 2 while changing 3 to the value corresponding to the minimum of Etotal-3. 
This process is iterated until convergence is reached. 
We now consider the arrangement in row I of Fig. 3.2, where no stress is applied 
initially. This is an anti-ferromagnetic arrangement with the input nanomagnet 1 in the 
“up” state. Accordingly, the initial conditions are 1 = +90°, 2 = -90°, 3 = +90° and 4 = -
90°. When the input is flipped, from “up” to “down” (1 = -90°), nanomagnet 2 finds itself 
in a tie-state (frustrated) since it experiences equal and opposite dipole magnetic fields 
from magnet 1 and nanomagnet 3. This can be seen in the energy profile of nanomagnet 2 
in Fig. 3.3(a) (the bottom curve) before stress is applied. The profile is symmetric about 2 
= 0°; hence 2 = ±90° are degenerate in energy. In other words, magnet 2 cannot lower its 
energy by responding to the input, so that it does not respond. At this point, the clocking 
cycle is initiated to break the tie. The energy profiles of nanomagnets 2 and 3 as a function 
of their orientation are shown in Fig. 3.3 with increasing or decreasing compression or 
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tension. The stress cycle consists of Tension (Fig. 3.3(a)) → Relaxation (Fig. 3.3(c)) → 
Compression (Fig. 3.3(e)) → Relaxation (Fig. 3.3(g)) on nanomagnet 2, and 
simultaneously Compression (Fig. 3.3(b)) → Compression (Fig. 3.3(d)) → Tension (Fig. 
3.3(f)) → Tension (Fig. 3.3(h)) on nanomagnet 3. As noted earlier, the stress is applied 
along the [100] direction (+45°). This can be accomplished by applying a voltage across 
the piezoelectric layer, which generates the strain in this layer through d31 coupling. Most 
of this strain is transferred to the nickel layer which is much thinner than the piezoelectric 
layer. Furthermore, to ensure uniaxial stress along the +45° axis, the multiferroic 
nanomagnet is mechanically restrained to prevent expansion and contraction along the 
direction perpendicular to the +45° axis. The two stress sequences (TRCR, CCTT; where 
T=tension, C=compression, and R=relaxation) are applied on nanomagnets 2 and 3 
simultaneously. Stress is increased or decreased in steps of 0.1 MPa. The ‘*’ markers 
indicate the magnetization orientations of nanomagnets 2 and 3 in their energy minima for 
any given stress. The squares identify the final orientation into which the nanomagnet 
settles at the end of the stressing or relaxation cycle, while the circles identify initial 
orientations. The thin (thick) solid curve represents the energy landscape of a nanomagnet 
at the onset (end) of a stage of the clock cycle, while the dotted lines represent the 
intermediate energy profiles. 
In the first stage of the clock, a tensile stress is applied on nanomagnet 2 (Fig. 
3.3(a)) while a compressive stress is applied on nanomagnet 3 (Fig. 3.3(b)). The 
magnetization of nanomagnet 2 rotates from its initial -90° orientation as the tensile stress 
on it is increased and finally settles to ~ -40° at +100 MPa stress; nanomagnet 3 rotates  
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Fig. 3.3: Energy plots of nanomagnets 2 and 3, as a function of the magnetization angles θ2 and θ3. The 
array is initially in the AF configuration and the input nanomagnet 1 is flipped from “up” to “down.” 
Nanomagnets 2 and 3 are then clocked with the stress cycles (TRCR on nanomagnet 2 and CCTT on 
nanomagnet 3, simultaneously).  
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from +90° to ~ +45° as it is compressed to -100 MPa. It can be seen that at a certain stress 
(approximately 50 MPa), both nanomagnets are drawn towards 0°. This is due to the dipole 
coupling between the magnets which prefers ferromagnetic coupling over anti-
ferromagnetic coupling. Further increase in the stress (tension in nanomagnet 2, 
compression in nanomagnet 3) result in the nanomagnets settling in their final states at the 
end of the stage (100 MPa) because the stress anisotropy energy dominates both the dipole 
and magnetocrystalline energies. 
The next stage of the clock cycle involves relaxing the tensile stress on nanomagnet 
2 to zero (Fig. 3.3(c)) while holding the compressive stress on nanomagnet 3 at -100 MPa 
(Fig. 3.3(d)). As the stress anisotropy energy in nanomagnet 2 subsides to zero, the relative 
influence of the dipole energy (due to interaction with neighboring nanomagnets 1 and 3) 
increases and causes a magnetization rotation from 2 = ~ -40° to 0°. This rotation towards 
0° is preferred over a rotation back to -90° since the orientation at 0° is at a lower energy 
state. Another way to explain this rotation is by resolving the magnetic field components of 
the neighboring nanomagnets along the x- and y-axis and recalling the preference for 
ferromagnetic coupling over anti-ferromagnetic coupling. Since nanomagnet 3 is still 
compressed at -100 MPa, its magnetization remains at ~ +45°. Therefore, the x-component 
(~ +1050 A/m) of the magnetic field due to its interaction with nanomagnet 2 is twice that 
of the y-component (~ -525 A/m). Magnet 1 is at -90° and, so, its interaction with 
nanomagnet 2 produces a magnetic dipole field along the +y-axis with magnitude ~ +750 
A/m. The net dipole field on nanomagnet 2 is +1050 A/m along the +x direction (2 = 0°) 
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and +225 A/m along the +y direction (2 = ~ +90°). This results in the magnetization 
strongly favoring a rotation to 0°. 
In the third stage of the clock, a compressive stress, up to a maximum of -100 MPa, 
is incrementally applied on nanomagnet 2 (Fig. 3.3(e)). At the same time, the compressive 
stress on nanomagnet 3 is relaxed (Fig. 3.3(f)), following which a tensile stress (up to +100 
MPa) is applied. The magnetization of nanomagnet 2 rotates from ~ 0° to ~ +45° since this 
is the closest energy minimum created by the compressive stress along the +45° direction 
(the raising of the energy barrier at -45° prevents a rotation to the other energy minimum at 
-135°). Upon relaxation of the compressive stress on nanomagnet 3, the x-component of 
the magnetic field it experiences owing to its dipole interaction with nanomagnet 2 exceeds 
the y-component owing to interaction with nanomagnets 2 and 4. This can be seen in the 
slight tilt towards 0° in the energy profiles of Fig. 3.3(f) which results in a magnetization 
rotation towards 0°. The tensile stress applied subsequently induces a rotation from 0° to ~ 
-45° as the raising of the energy barrier along +45° prevents the magnetization from 
rotating to the other energy minimum at +135°. 
The final stage consists of relaxing the compressive stress on nanomagnet 2 to zero 
(Fig. 3.3(g)), while holding the tensile stress on magnet 3 constant (Fig. 3.3(h)). Upon 
examination of the dipole field experienced by nanomagnet 2 owing to its interaction with 
magnet 1 (1 = -90°) and nanomagnet 3 (3 ~ -45°), it can be determined that the +y-
component of the dipole magnetic field (compelling it to rotate “up” to satisfy anti-
ferromagnetic ordering) is greater than the +x-component (forcing it to rotate “right” to 
assume ferromagnetic ordering). Therefore, the magnetization rotates to the desired “up” 
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or 2 = +90°. Note that the energy profiles of nanomagnet 2, when undergoing relaxation 
in this final stage, appear to show an equal tendency for the magnetization to rotate to 
either 0° or +90°. This occurs due to the preference for ferromagnetic coupling over anti-
ferromagnetic coupling. The +90° orientation is ultimately preferred in this case since the 
dipole magnetic field that would induce a rotation to the “up” state is stronger, albeit 
slightly, than that which forces a rotation to the “right”.  
The clocking scheme described above is then repeated on the next set of 
nanomagnets (nanomagnets 3 and 4) starting with nanomagnet 3 being held under tensile 
stress. Successive repetition of the clocking cycle on successive sets propagates the input 
bit unidirectionally down the chain. 
In this example, the clocking cycle was shown to propagate bits unidirectionally in 
one particular case, which corresponds to the first case in Fig. 3.1. There are 11 more cases 
to consider, each of which was subjected to the same stress cycle. The results show that the 
stress cycle (TRCR on magnet 2, and CCTT on magnet 3, simultaneously) results in 
unidirectional bit propagation for all scenarios in a reliable manner, and are demonstrated 
in detail in Appendix B. 
 
3.4 Conclusion and Discussion 
 
In conclusion, an effective clocking scheme was demonstrated that propagates the 
magnetization state (logic bit) of a four-state multiferroic nanomagnet unidirectionally 
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along a linear chain by applying a sequence of stresses pairwise on succeeding 
nanomagnets. This makes it possible to implement multistate logic circuits with wiring 
connections, fan-out and fan-in. These types of logic circuits are attractive not just because 
of the higher logic density (4-state versus the usual 2-state), but also because the 4-state 
elements can be used for associative memory and neuromorphic computing. 
The switching characteristic of the four-state memory is abrupt. As the stress on a 
magnet increases, the magnetization switches abruptly from one stable state to another. 
This behavior mimics the switching action of a neuron. A neuron fires when the excitatory 
signal it receives through synaptic connections causes the internal state of the neuron to 
reach a firing state. The excitatory signal in our case is the stress. When it exceeds a 
critical value, the magnetization switches, thereby mimicking the firing behavior. The 
magnetization vector of a four-state magnet cannot be switched until the stress anisotropy 
energy overcomes the energy barrier separating two neighboring stable states. As a result, 
the switching is sudden and there is a strong threshold for transition. One can utilize this 
feature to generate excitation threshold functionality. The firing threshold can be adjusted 
by modulating the energy barrier between states by introducing shape anisotropy in 
addition to magnetocrystalline anisotropy. 
In this work, the effect of thermal fluctuations that can induce switching errors is 
neglected, particularly in situations where the energy difference between a local and the 
global energy minima is comparable to, or even less than, the thermal energy kT. These 
studies are beyond the scope of this research and are reported elsewhere. 
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It has been demonstrated, for the “spintronics” scheme, that a tiny voltage of V = 
200 mV is sufficient to generate the maximum stress of 100 MPa in the nickel layer, if we 
choose the PZT layer thickness as 40 nm and the nickel layer thickness as 10 nm (Roy, 
Bandyopadhyay and Atulasimha, 2011a; Salehi Fashami et al., 2011; Roy, Bandyopadhyay 
and Atulasimha, 2011b). The capacitance C of such a structure with circular cross-section 
of 100 nm diameter is ~ 2 fF if we assume that the relative dielectric constant of PZT is 
1000. Hence, the energy dissipated in a clock cycle to alternate between no stress to 
compressive to tensile to no stress is (1/2)CV
2
 + 2 CV
2
 + (1/2) CV
2
 = 3 CV
2
 = 0.24 fJ of 
energy. These results estimate that the switching delay will be less than 1 ns. Hence the 
clock rate can exceed 1 GHz, even when the energy dissipation is so small, making the 
scheme a fast and high-density logic scheme with extremely low energy dissipation. This 
aspect, coupled with the fact that nanomagnets have no standby power dissipation unlike 
transistors, makes it an attractive scheme for computing and signal processing. 
Another application of four-state associative memory is in the field of image 
processing and is the topic of the following chapter. 
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CHAPTER 4 An Ultrafast Image Recovery and Recognition System 
Implemented With Nanomagnets Possessing Biaxial Magnetocrystalline 
Anisotropy 
 
 In Chapters 2 and 3, the concept of four-state nanomagnetic logic was described 
through extensive simulations, and a propagation scheme was demonstrated to implement 
a universal NOR logic gate. Through the “straintronics” proposal, the magnetization of a 
multiferroic magnet is switched with a tiny voltage generating strain in a magnetostrictive-
piezoelectric composite, the energy dissipated per bit flip can be reduced to a few hundred 
kT at room temperature. These systems can not only provide higher logic density, but more 
importantly lend themselves to higher order (non-Boolean) computation such as image 
reconstruction in the presence of noise, and image recognition. These applications are 
described next. 
 
4.1 Background and Theory 
 
 Computing architectures employing strain-switched multiferroic nanomagnets as 
logic and memory units have been attracting increased attention because of their excellent 
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energy efficiency and non-volatility, as described in Chapter 1. In these systems, single-
domain shape anisotropic nanomagnets with two stable magnetization directions encode 
the classical binary bits ‘0’ and ‘1’. They are switched by applying a tiny voltage to the 
multiferroic element, which generates uniaxial strain and rotates the magnetization vector, 
while dissipating very little energy (~200 kT at room temperature to switch in ~1 ns). 
Logic gates and combinational circuits can be configured by exploiting dipole interactions 
between nearest-neighbor magnets in much the same way as in magnetic quantum cellular 
automata (Cowburn and Welland, 2000) and other proposed schemes (Csaba et al., 2002; 
Behin-Aein, Salahuddin and Datta, 2009; Carlton et al., 2008). However, multiferroic 
clocking with strain is potentially orders of magnitude more energy efficient (Atulasimha 
and Bandyopadhyay, 2010; Roy, Bandyopadhyay and Atulasimha, 2011a; Salehi Fashami 
et al., 2011). By introducing biaxial magnetocrystalline anisotropy in the multiferroic 
material, the nanomagnets can be made to have four stable magnetization directions (‘up’, 
‘right’, ‘down’, ‘left’) instead of the usual two (‘up’, ‘down’) orientations, thereby 
increasing logic density. As a result, four (or composite 2-bit) states can be realized, as 
shown in Fig. 4.1. An alternate (and easier) method to generate four stable magnetization 
states is through the use of shape anisotropy, as explained in the previous chapters. 
One can go beyond conventional Boolean logic and demonstrate that higher order 
image processing functions such as noise reduction/image recovery can be performed 
using planar nanomagnetic elements (single-crystal magnetic layer and not a multiferroic 
element) with biaxial magnetocrystalline anisotropy (D’Souza, Atulasimha and 
Bandyopadhyay, 2012b). 
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Consider a single-crystal, single-domain nanomagnet (Cowburn et al., 1999) of the 
shape of a circular disk that has no in-plane shape anisotropy but has biaxial 
magnetocrystalline anisotropy (Cullity and Graham, 2009) – established by growing an 
epitaxial (001) film using molecular beam epitaxy (MBE) (Naik et al., 1993). This magnet 
has four stable magnetization directions (“up,” “right,” “down,” “left”) as shown in Fig. 
4.1. An array of such magnets can store a black–gray–white image by storing the shade of 
every pixel in one of the four stable states of a magnet. If corrupted by moderate noise, the 
magnetization dynamics automatically recover the stored image, so that there is built-in 
error correction. When integrated with magnetic tunnel junctions (MTJs), the same array 
can recognize images by comparing them with stored images pixel by pixel. These tasks 
are executed with ultrahigh speed since no software is needed. 
The four states of the magnet encode black, gray, white, and gray. Two different 
shades of gray can be encoded in the four states, but the three-shade scheme is simpler. 
Noise can corrupt the stored image by perturbing the magnetization vector and deflecting it 
away from the initial stable state. The ensuing magnetization dynamics is studied using the 
Figure 4.1: Four-state multiferroic nanomagnet with a magnetostrictive layer (possessing biaxial 
magnetocrystalline anisotropy on top of a piezoelectric layer 
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LandauLifshitzGilbert (LLG) equation to determine the final state of every perturbed 
magnet (or pixel) (D’Souza, Atulasimha and Bandyopadhyay, 2012b). For this purpose, it 
is assumed that the magnets are spaced far enough apart (~1 µm) so that dipole interaction 
between them can be ignored. Using knowledge of the magnetization dynamics of such a 
four-state magnet, image recovery is demonstrated in a 512×512 pixel blackwhitegray 
image in ~2 ns while conventional complementary metal-oxide-semiconductor (CMOS)-
based image filters would have taken several microseconds (Kawai and Kawahito, 2004). 
 
4.2 Noise Reduction and Image Recovery  
 
In order to demonstrate image recovery, we consider an isolated circular 
nanomagnet of nickel (Ni) with diameter 100 nm and thickness 10 nm. Nickel has an 
“easy” axis of magnetization along the <111> direction, a “medium” axis along the <110> 
direction, and a “hard” axis along the <100> direction (Cullity and Graham, 2009).We 
assume the nickel layer to be in the (001) plane. In this plane, the “easy” axis is the <110> 
direction (‘medium’ for the entire crystal) while the “hard” axis is along the <100> 
direction. Since the thickness of the magnet is ten times smaller than the diameter, out-of-
plane excursion of the magnetization vector is energetically costly, albeit not impossible. 
As illustrated in the nanomagnet scheme in Fig. 4.2(a), the easy axes of a single-crystal Ni 
nanomagnet in the x–y plane (magnet’s plane) are along the [   ], [ ̅ ̅ ], [ ̅  ] and [  ̅ ] 
 75 
 
directions, in Miller notation. The angle subtended by the magnetization vector with the z-
axis is . When °, the magnetization vector is in the plane of the magnet. 
If noise deflects the magnetization vector of a magnet away from its initial stable 
state to a new state, the latter evolves with time in accordance with the LLG equation. The 
new state is taken as the initial condition and the LLG equation is then solved to determine 
the final state. As long as the noise amplitude is not large enough to deflect the 
magnetization vector closer to another stable orientation or cause large out-of-plane 
excursion, the vector always returns to the initial stable orientation. This happens relatively 
fast, in a few nanoseconds (for realistic parameters). Thus, the Ni nanomagnet with biaxial 
magnetocrystalline anisotropy has four unique “stable states” or orientations that the 
magnetization can point along. Any orientation other than these four will be unstable, and 
so, if the magnetization starts out in an unstable state, it will eventually settle uniquely to 
the stable state that is closest to it. Hence, any arbitrary magnetization orientation is 
uniquely associated with one of four stable orientations and the system acts like associative 
memory. However, in this work, we study image recovery after a particular image is 
distorted by noise. 
 
4.2.1 Magnetization Dynamics  
 
The dynamics of the system is governed by the LLG equation which determines the 
temporal evolutions of (t) and (t) and therefore determines the orientation of the 
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magnetization vector at any instant of time. The total magnetic energy of the single-domain 
nanomagnet is given by the equation  
      ( )                                ( )                   ( )       (4.1) 
The magnetocrystalline anisotropy energy (Cullity and Graham, 2009), 
                              ( )       (  
   
    
   
    
   
 )    (  
   
   
 )  (4.2)  
where K1 (K2) is the first (second) order magnetocrystalline anisotropy constant and 1, 2 
and 3 are the direction cosines of the magnetization vector with the crystal axes. The first 
term, K0, is neglected since it is independent of the angle. Based on the coordinate system 
shown in Fig. 4.2(a), we get 
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where    
 
 
     represents the volume of the nanomagnet with a diameter, a, of 100 nm 
and a thickness, l, of 10 nm.  
The shape anisotropy energy is given by (Cullity and Graham, 2009) 
                 ( )    
  
 
  
    ( )             (4.5) 
Here, o is the permeability of free space, Ms is saturation magnetization and Nd is the 
demagnetization factor, which is defined as 
  ( )         
  ( )       
  ( )      ( )       
  ( )      ( )       (4.6) 
where Nx, Ny and Nz are the components of the demagnetization factor along the x-, y-, and 
 77 
 
z-axis, respectively. Since we consider a circular nanomagnet, the values of Nx and Ny are 
identical. 
These demagnetizing factor components are determined from the oblate spheroid 
estimation as (Cullity and Graham, 2009) 
        
 
 
 
 
     
(
  
√    
      (
√    
 
)   ), 
and                         (4.7) 
where m = a/l represents the ratio of the diameter and thickness of the nanomagnet. 
From Equations (4.1) – (4.7), 
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The magnetization M is assumed to have a constant magnitude with its motion described 
by a unit direction vector nm    | |   ̂  at any instant of time, where ê  is the unit 
vector in the radial direction of the spherical coordinate system and makes an angle  with 
the z-axis. 
The torque experienced by the magnetization per unit volume with the potential 
energy given in equation (4.8) can be written as 
TE( )     nm           ( ( )  ( ))      ̂            ( ( )  ( ))       (4.9) 
where Etotal(t) is given by (4.8). It can be verified that the torque vanishes when     ⁄  
and  =    ⁄  [  = 0, 1, 2, 3], indicating that these are the four stable orientations. 
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Whenever the magnetization is deflected from a stable orientation by noise, it experiences 
the aforementioned restoring torque that attempts to return the magnetization to the initial 
state. 
From equation (4.8) and (4.9), we get 
TE( )      ̂            ( ( )  ( )) 
  [
   
 
      ( )       ( )      ( )       ( )  
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      ( )     ( )}]  ̂         (4.10) 
where  ̂  and  ̂  are the unit vectors in the  and  directions, respectively. 
In spherical coordinates, we define: 
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 ( )
  
 ̂      (4.11) 
In order to study the restoring dynamics, we solve the LLG equation 
   ( )
  
  (  ( )  
   ( )
  
)   
   
    
  ( )                         (4.12) 
where α is the Gilbert damping coefficient (0.045 for Ni (Walowski et al., 2008)), Ω is 
magnet’s volume, and    = Bohr magneton. 
 
Substituting (4.10) and (4.11) into (4.12), we get an equation involving  ̂  and 
 ̂  components. Equating terms involving those two components on both sides of the 
equation, we get the following two coupled equations for - and -dynamics (D’Souza, 
Atulasimha and Bandyopadhyay, 2012b): 
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where    
   
 
. 
These equations are solved starting with initial values of  and  to find their values 
[(t) and (t)] at any instant of time t. After noise deflects the magnetization to a new 
orientation, the new orientation is taken as the initial orientation [θinitial, initial] and the 
aforementioned coupled equations are solved numerically to determine the final state of the 
magnetization vector [θfinal, final]. The final state is reached when the orientation does not 
change further. 
In our simulations, the initial conditions span the space of initial from 0° to 360° 
(angular resolution = 1°), with the following narrow regions excluded from the initial space 
– the states  = 45°, 135°, 225°, and 315° are the highest energy states when θ = 90°. If the 
magnetization is driven to any of these states by noise (unlikely since these are the highest 
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energy states), it has equal probability of decaying to either one of its two neighboring 
minimum energy (stable) states. Therefore, a region of 1° is excluded around these critical 
points. 
 
4.2.2 Image Recovery simulations and results  
 
In order to convey the results of magnetization dynamics obtained by solving the 
LLG equation, we use the following color scheme [see Fig. 4.2(a)]: blue corresponds to  
= 0° (Region 1), red to  =90° (Region 2), yellow to  = 180° (Region 3), and green to  = 
270° (Region 4). 
 
Fig. 4.2(b) illustrates the magnetization vector’s final orientation for all allowed 
values of initial (perturbed) orientations θinitial and initial. If θinitial and initial are in the blue 
region, then the final state is always final = 0° and θfinal = 90°. Similarly, if θinitial and initial 
Figure 4.2: (a) The spherical coordinate system used to define the magnetization vector and the color 
scheme used to designate quadrants. (b) Color plot of the magnetization vector’s final state for all allowed 
values of the initial state (initial, initial). 
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are in the red region, then the final state is always final = 90° and θfinal = 90°, etc. This plot 
shows that if θinitial = 90°, then the final state for the range of initial states −44° < initial < 
44° is final = 0° and θfinal = 90°. Similarly, the final state for θinitial = 90° and the range of 
initial states 46° < initial < 134° is final = 90° and θfinal = 90°, and so on. This means that if 
noise deflects the magnetization vector from a stable state while still staying in-plane, the 
vector always returns to the original state as long as the angular in-plane deflection is 
within ±44°. 
However, when θinitial = 89°, i.e., noise causes −1° out-of-plane excursion of the 
magnetization vector, the regions shift by +5°.Now, if the magnetization’s initial state was 
in the interval  −40° ≤ initial ≤ 50° , then the final state will be final = 0°, and so on. This 
+5° shift happens because the out-of-plane excursion of the magnetization vector generates 
an additional precessional torque acting on the magnetization vector owing to the coupled 
θ dynamics. Similarly, when θinitial = 91°, a shift of −5° takes place. As long as the out-
of-plane excursion ∆θinitial (= θinitial – 90°) is small, the shift is linearly proportional to 
∆θinitial. For ∆θinitial > 5°, the shift increases nonlinearly (explained later). Therefore, out-of-
plane excursion is particularly harmful. As long as the magnetization vector is not 
deflected too far out of the nanomagnet’s plane, and does not stray into the ambit of 
another stable state, it always returns to the original state and recovers. This self-correcting 
behavior lends itself to image recovery. 
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The dynamics of the nanomagnet’s magnetization are investigated for one 
particular case (in-plane, θinitial = 90°). Fig. 4.3 represents the evolution of  and  as a 
function of time t when the magnetization vector at t = 0 sec is at initial = 50° and θinitial = 
90° (in-plane). As expected, the magnetization vector precesses and finally settles to the 
closest energy minima at = 90° (red) after ~2 ns [see Fig. 4.3(a)]. During this time, the 
magnetization experiences an excursion out of the x-y plane, as evident in Fig. 4.3(b), 
which shows the damped oscillation from the initial θinitial = 90° with a deflection of ~ ±4° 
before finally settling back to 90°. Fig. 4.3(c) depicts the phase plot of (t) versus (t) 
Figure 4.3: Magnetization dynamics of the nanomagnet for the in-plane case (θinitial =90°) and with initial = 
50°. (a) Final settled state of the magnetization in the red region ( = 90°) after precession and damping for 
~2ns. (b) Plot of θ as a function of time t showing the magnetization straying out of the x-y plane before 
finally settling to θ = 90°. (c) Phase plot of (t) versus θ(t), and (d) 3-D plot of the magnetization tips 
trajectory in terms of the x–y–z axes. 
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while Fig. 4.3(d) shows a 3-D plot of the trajectory of the magnetization vector’s tip in 
terms of the x–y–z axes, in which the precession and damping around  = 90° (x = 0, y = 1, 
z = 0) can clearly be seen. Similar simulations have been exhaustively performed for the 
out-of-plane cases (not shown here) which demonstrate that the final settling state of the 
magnetization vector is not affected by reasonable amounts of out-of-plane excursions 
(within the tolerance ranges discussed earlier) and are summarized in the color plot of Fig. 
4.2(b). 
Fig. 4.4(a) shows the color scheme used to encode pixel shades in a 
black/gray/white image. The magnetization’s orientation encodes three different shades as 
follows:  = 0° (black),  = 90° (gray),  = 270° (gray), and  = 180° (white). The shades 
can also be assigned numerical values: black = 0, gray = 0.5, and white = 1. 
A 512 × 512 pixel image is encoded by the aforementioned scheme and is shown in 
Fig. 4.4(b). Next, the numerical value of each pixel is changed randomly to simulate the 
effect of noise. We restrict the random out-of-plane deflection of the magnetization vector 
∆θ to ±1°, which then restricts the in-plane deflection ∆ to ±40° since that is the 
maximum in-plane deflection that can be corrected when |∆θ| ≤ 1°. The choice of ±1° out-
of-plane deflection is dictated by the fact that this allows a reasonably large azimuthal 
deflection. This visually distorts the image by a large degree in Fig. 4.4(d) [a small section 
of the 512 × 512 pixel image]. In accordance with this choice, a pixel with intensity value 
= 0 is randomly assigned a value between 0 and 0.222. If the intensity value = 0.5, it is 
changed to a value (“distorted”) between 0.278 and 0.722. Similarly, for pixels with 
intensity value = 1, the value is changed to something between 0.778 and 1. These  
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distortions restrict the azimuthal deflections to ±40°, i.e., |∆|≤ 40°. Fig. 4.4(d) shows the 
corrupted image at t = 0ns for a critical region (the bird’s eye). By converting each pixel of 
Figure 4.4: Image recovery scheme. (a) Greyscale scheme for image processing showing the pixel 
assignments based on the settled state. (b) Original 512 512 greyscale image with pixels having values of 0 
(black), 0.5 (grey) or 1 (white). (c) The magnified original greyscale image for clarity and (d) Noise corrupts 
the image at time t = 0 by deflecting the magnetization vectors from their initial states. The out-of-plane 
excursion is restricted to 1°. (e) Partially recovered image at t = 1 ns. (f) Fully recovered image at t = 2ns. 
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the corrupted image to its equivalent -value and then solving the coupled equations for 
θ− dynamics, we can determine the final state (black, gray, or white) of the pixel. Figs. 
4.4(d), (e), and (f) illustrate the image recovery process. At t = 1 ns, the noise in the image 
has been greatly reduced, with most pixels settling back into their original states [see Fig. 
4.4(e)]. Steady state is achieved in 2 ns [see Fig. 4.4(f)] since the images at 2 and at 3 ns 
(the latter not shown here) are identical. The final steady-state image is identical to the 
original image pixel by pixel, showing 100% recovery. 
 
Non-linear characteristics 
As mentioned earlier, for small out-of-plane excursions (∆θinitial < 5°) of the 
magnetization vector, the domains of the final settled state experience a shift from the 
default regions (i.e., when θinitial = 90°). These shifts occur because the out-of-plane 
excursion of the magnetization vector generates an additional precessional torque acting on 
the magnetization vector owing to the coupled θ dynamics and take place in a linear 
fashion for small out-of-plane excursions. 
However, for larger deviations (∆θinitial > 5°), this shift increases nonlinearly and is 
illustrated in Fig. 4.5, which depicts the dynamics of the magnetization vector when it is 
initially out of plane for various values of initial (85°, 81°, 77°, 72°, 10°) and initial = 50°. 
The color plot of Fig. 4.5(a) illustrates this non-linear behavior of the magnetization 
vector’s final orientation while Figs. 4.5(b)–(f) illustrate the trajectories of the 
magnetization vectors for each scenario. For the case with initial = 85° (Fig. 4.5(b)), the tip 
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of the magnetization vector initially lies at  = 50° and precesses around and finally settles 
at  = 0° (x = 1, y = 0, z = 0) and not at the desired position ( = 90°). This can be 
attributed to an additional counter-clockwise torque that the magnetization vector 
experiences, resulting in it straying into the ambit of another stable state and settling at  = 
0°. If the magnetization vector is initially out of plane by −9° (initial = 81°), the final 
settled state of the magnetization vector is at the incorrect state of  = −90° (x = 0, y = −1, z 
= 0), as shown in Fig. 4.5(c). In Fig. 4.5(d), the initial out-of-plane direction of the 
magnetization vector is initial = 77°. This results in an even greater torque than that 
experienced by the magnetization in the previous two cases, resulting in the magnetization 
settling at  = 180° (x = −1, y = 0, z = 0). For the case with initial = 72° (Fig. 4.5(e)), the 
magnetization rotates in a counter-clockwise direction from initial = 50° to finally precess 
and settle at  = 90°. Although this is the desired final state, the magnetization vector 
precesses in the incorrect direction, with the torque causing the magnetization to rotate past 
the other three undesired states before fortuitously settling into the correct state. Fig. 4.5(f) 
shows the erratic magnetization vector precession for the case when it is initially out-of-
plane by a large degree (initial = 10°). When the magnetization initially lifts out of plane in 
the other direction (initial > 90°), the magnetization experiences an increased torque in the 
clockwise direction, making it more prone to switching to an incorrect state in that 
direction, based on the extent of the initial out-of-plane excursion. 
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Figure 4.5: (a) Color plot illustrating a non-linear shift in the final settled state (region) of the magnetization 
vector for ∆initial> 5°. Dynamics (trajectory) of the magnetization vector with initial = 50° and initial = (b) 
85°, (c) 81°, (d) 77°, (e) 72° and (f) 10°. 
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4.3 Image Recognition  
 
One could extend this scheme to image recognition as well, as illustrated in Fig. 
4.6, in which the reading and writing of data to each pixel is accomplished through the 
incorporation of synthetic antiferromagnets (SAFs). In this configuration, each Ni 
nanomagnet is sandwiched between two SAF layers – the bottom SAF layer is used for the 
read operation while the pixel- write operation is performed via the top SAF layer. The Ni 
layer is separated from the bottom SAF layer by an MgO tunnel barrier layer to form a 
vertical MTJ and from the upper SAF layer by a 2-nm-thin Cu spacer. 
 
 
Figure 4.6: MTJ-SAF scheme used to read (lower SAF layer) and write (upper SAF layer) images to each 
pixel (Ni layer). (a) CCD sends a “black” input to be written to the pixel. (b) CCD sends a “white” input to 
be written. 
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Thus, this system consists of a physically parallel array of vertically standing 
MTJs, each of which encodes a pixel color (white, gray, or black) in its resistance state. 
The soft magnet layers of the MTJs are at the top and consist of the magnetocrystalline 
elements that are magnetized according to the input image. They are accessed individually 
(at the same time, i.e., in parallel) to write the pixel values (white, gray, or black) of the 
input image. The hard layer is at the bottom and may be common to all MTJs. For pattern 
recognition, however, a common hard layer is no longer possible since the hard layer of 
each of these MTJs is oriented differently to accommodate a different pixel of the stored 
image. Nonetheless, individual electrical connections to each MTJ from the bottom are still 
not mandatory. The currents flowing through all the MTJs are added to determine if the 
pattern has matched or not, and hence a common electrical contact from the bottom is not 
needed. This is the case for one particular stored image. If another image is to be compared 
(stored in the bottom MTJ), the hard layers of each of these MTJs would have to be 
addressed and written to individually. However, for most applications, reconfigurability 
may not be a requirement, in which case individual connections to each of the bottom 
MTJs will not be needed. 
The issue of dipole coupling between the fixed ferromagnet (FM) and the soft (Ni) 
layer is circumvented by the SAFs, in which an additional, oppositely aligned magnetic 
layer is introduced below the pinning layer of the MTJ. A thin Ru layer between the two 
bottom layers creates a strong antiparallel alignment within those layers. Hence, the 
resulting SAF configuration has the magnetostatic fields of its layers in opposition to each 
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other, thereby reducing undesirable dipolar coupling effects on the top, free magnetic layer 
(Ni) (Emley et al., 2004). 
 
4.3.1 Read Operation  
 
In the “read” operation, the current is maximum when the magnetizations of the 
fixed (of the lower, read SAF layer) and free (Ni) layers are mutually parallel (minimum 
magnetoresistance), and minimum when they are antiparallel (maximum 
magnetoresistance). The “gray” states – which have magnetization orientations 
perpendicular (in-plane) to the hard layer’s magnetization – will correspondingly exhibit 
intermediate values of magnetoresistance. Thus, when the magnetizations of all (or most) 
of the Ni nanomagnets (free, unpinned layers) are parallel to their respective bottom, fixed 
FM layer (in which the image to be compared against is encoded), the total 
magnetoresistance is minimum. This scheme is used for image recognition, with the 
magnetization orientations of the lower hard magnetic layers storing the image to be 
compared against. The input image is written in the free magnetic layers (Ni). If the input 
matches the stored image pixel by pixel, then the magnetizations of the soft and hard 
magnets will be all parallel. This will result in the maximum tunnel current flowing 
through each MTJ. By setting an appropriate current threshold (say X% of the maximum), 
we can determine if the two images match with probability of X% and thus recognize the 
input image. 
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4.3.2 Write Operation  
 
 Prior to writing data to each pixel, its initial orientation must be known. This is why 
the top fixed FM layers of the upper SAFs as well as the free Ni layers are all initialized to 
black (by applying a large magnetic field). The bottom SAF layers are made sufficiently 
hard so that they are unaffected by this magnetic field. Based on the incoming input 
electrical signals (“white,” “gray,” or “black”) from a charge-coupled device (CCD), an 
appropriate spin-polarized current, corresponding to each color, is amplified and passed 
through the top SAF layer. For instance, if the input pixel is “black,” the intensity of the 
spin-polarized current is low, so that it imparts minimal spin-angular momentum to the 
magnetization in the Ni layer above. However, if the input data are “white,” the intensity of 
the spin-polarized current is high and it provides enough spin-transfer torque to rotate the 
magnetization of the Ni layer through 180°. For “gray” inputs, an intermediate spin-
polarized current is used to rotate the magnetization through a moderate angle before 
finally settling at 90°. 
 
4.4 Conclusion and Discussion 
 
In this chapter, implementation of an image processor capable of reconstructing an 
image corrupted by noise was demonstrated through a 2-D array of single-domain, planar 
nanomagnets with biaxial magnetocrystalline anisotropy which are spaced sufficiently far 
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apart to ignore dipole interaction. This functionality was shown for a 512 × 512 pixel 
black–gray–white image which is processed in ~2 ns while conventional CMOS-based 
image sensors would have taken several microseconds for this task (Kawai and Kawahito, 
2004). A device scheme that adopts this image recovery concept for higher order image 
processing applications such as image recognition was also discussed. 
While these applications entail specific image reconstruction and pattern 
recognition attributes of 4-state magnets with biaxial anisotropy, the ultimate aim is to 
develop a more generalized computing architecture. The key is to exploiting certain 
functionalities of four state multiferroic architecture, such as minimum threshold 
stress/dipole energy for flipping (neuron firing); dipole coupling acting as “synapse” 
between neighboring nanomagnets (neurons) to realize these neuromorphic architectures. 
 Neuromorphic hardware implemented with transistors and other charge based 
devices like memristors (Snider, 2011) have been stymied by the difficulty of 
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Figure 4.7: (a) Magnetization angles (angle subtended by the magnetization vector with the hard axis) of the 
second and third magnets in the chain of Fig. 1.5 as a function of stress when the third magnet is unstressed 
and the second is gradually stressed. (b) Dipole coupled multiferroic nanomagnets as elements of a 
neuromorphic network. (illustration of concept from Snider, G., Nanotechnology, 22, 015201, 2011) 
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implementing synapses with low power consumption. Memristors are extremely energy-
hungry and their switching characteristics do not show the sharp threshold behavior 
required of neurons. On the other hand, the “transfer function” of a multiferroic 
nanomagnet exhibits strong threshold behavior. Here, the input function is the stress or the 
voltage applied to the nanomagnet, while the output function is the magnetization. When 
the stress is high enough that the stress anisotropy energy overcomes the shape anisotropy 
energy, the magnetization switches abruptly. Fig. 4.7(a) illustrates the magnetization 
orientations of the second and third magnets in the 4-magnet chain of Fig. 1.5 when the 
third magnet is unstressed and the second magnet is gradually stressed. Fig. 4.7(b) 
illustrates the equivalence between a 4-state multiferroic logic element and their dipole 
coupling and a "neuron" and "synapse" respectively. 
The threshold behavior can be effectively utilized for neurons. The voltage of the 
piezoelectric layer could be the sum of signals from source neurons and the magnet can be 
the sink neuron which fires (magnetization changes suddenly) when the voltage on the 
piezoelectric layer exceeds a threshold. The advantage of this implementation is that the 
voltage required for firing is extremely small (few mV), which makes these neurons 
comparable to those in the human cortex. Further, this threshold will change when the 
dipole coupling is different as the magnitude and direction of the effective dipole fields due 
to the neighbors can help switching or make it harder (need more stress and consequently 
voltage) to switch. This is how the "dipole-coupling" will act as synapses between the 
neurons. 
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CHAPTER 5 Spin-Straintroincs: Experimental Demonstration of 
Clocking Two-State Nanomagnetic Logic with Strain 
 
 Nanomagnetic logic has emerged as a promising alternative to transistor based 
logic because it offers both non-volatility and energy-efficiency. Recently, experimental 
work has been conducted by various groups to demonstrate energy-efficient magnetization 
switching in nanomagnets using the Spin Hall effect (Liu et al., 2012; Bhowmik, You and 
Salahuddin, 2014) and Spin-orbit torque (Yu et al., 2014). Another switching paradigm 
claiming unprecedented energy-efficiency involves magnetization switching of the 
nanomagnets via “straintronics” (Atulasimha and Bandyopadhyay, 2010), whereby the 
magnetization of a multiferroic magnet is switched with a tiny voltage generating strain in 
a magnetostrictive-piezoelectric composite. This scheme, proposed by our group, was 
previously shown to reduce the energy dissipated per bit flip to a few hundred kT at room 
temperature (Atulasimha and Bandyopadhyay, 2010; Roy, Bandyopadhyay and 
Atulasimha, 2011a; Salehi Fashami et al., 2011). 
While the previous chapters show four-state NOR logic and data propagation using 
multiferroic nanomagnets possessing biaxial magnetocrystalline anisotropy, in this chapter, 
we study magnetization switching in single-domain magnetostrictive nanomagnets 
possessing shape anisotropy (and no magnetocrystalline anisotropy), thereby, giving rise to 
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two-state multiferroic logic components. Here, we show for the first time, experimental 
results implementing some of these schemes, using elliptical magnetostrictive 
nanomagnets of nominal lateral dimensions ~200 nm and thickness ~12 nm that possess 
shape anisotropy and that are grown on a (001) PMN-PT substrate. A voltage is applied 
along the length of the PMN-PT substrate to generate mechanical strain, via d33 coupling, 
along the nanomagnet’s easy axis of magnetization. The resulting strain-induced 
magnetization switching is investigated for single-domain nanomagnets and for clocking 
of dipole-coupled magnet arrays to implement Boolean logic using several strain clocking 
schemes. These schemes are studied with Magnetic Force Microscopy (MFM) that is used 
to image the single domain magnetization switching and demonstrate strain clocked 
nanomagnetic logic for the first time (D’Souza et al., 2014). These experimental results 
will be highlighted in this chapter and lay the foundation for future ultra-low energy 
Boolean computational devices utilizing this clocking scheme. Potential applications 
include low-power devices for implantable medical chips, sensors for structural health 
monitoring of bridges and buildings or battlefield applications that can run solely on 
energy harvested from ambient vibrations, as well as in the commercial market as 
‘wearable electronics’. 
  
5.1 Background and Theory 
 
A longstanding goal of electronics is to devise computing circuits that dissipate 
minimal energy to compute. This goal has become critical in light of Moore's law (Moore, 
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1965), whose sustainability hinges on being able to reduce the energy dissipated when a 
logic device (the primitive computing hardware) switches. Nanomagnet-based logic 
switches  (Cowburn and Welland, 2000; Imre et al., 2006), in which logic bits 0 and 1 are 
encoded in two stable magnetization orientations along the easy (major) axis of a shape-
anisotropic elliptical single-domain nanomagnet, and in which switching is accomplished 
by flipping the magnetization from one orientation to the other, have emerged  as potential 
replacements for current complementary metal-oxide-semiconductor (CMOS) transistor 
switches because of superior energy efficiency. However, the methods usually employed to 
switch nanomagnets, such as with a magnetic field (Csaba et al., 2002) or spin-transfer-
torque (Ralph and Stiles, 2007), result in large dissipative losses in the switching circuit 
which offset any advantage of the magnet over the transistor. Recently, more energy-
efficient switching of nanomagnets using the Spin Hall effect has been demonstrated (Liu 
et al., 2012; Bhowmik, You and Salahuddin, 2014), while theoretical proposals to  employ 
strain to switch single-domain nanomagnets have appeared and claim vastly increased 
energy-efficiency (Atulasimha and Bandyopadhyay, 2010; Roy, Bandyopadhyay and 
Atulasimha, 2011a; Salehi Fashami et al., 2011; D’Souza, Atulasimha and 
Bandyopadhyay, 2011; Pertsev and Kohlstedt, 2010). The latter scheme makes 
nanomagnetic switches  2-3 orders of magnitude more energy-efficient than conventional 
transistors that dissipate at least ~10
4
 kT of energy to switch in isolation (International 
Technology Roadmap for Semiconductors, n.d.) and 10
5
 kT to switch in a circuit in a 
reasonable time of ~1 ns. In contrast, a magnetic binary switch clocked with strain may 
dissipate a mere ~10
2
 kT of energy to switch in ~1 ns if implemented with an elliptical, 
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two-phase composite multiferroic nanomagnet consisting of a single-domain 
magnetostrictive layer elastically coupled to an underlying piezoelectric layer (Atulasimha 
and Bandyopadhyay, 2010; Roy, Bandyopadhyay and Atulasimha, 2011a; Salehi Fashami 
et al., 2011). When a tiny electrostatic potential is applied across the piezoelectric layer, it 
deforms and the resulting strain is transferred to the magnetostrictive layer, making its 
magnetization rotate by a large angle as shown in Fig. 5.1. 
 
Such rotations can be utilized to write bits in non-volatile memory (Tiercelin et al., 
2011; Pertsev and Kohlstedt, 2010; Biswas, Bandyopadhyay and Atulasimha, 2014)
 
or 
implement Bennett-clocked logic gates in the fashion of magnetic quantum cellular 
automata (Cowburn and Welland, 2000; Imre et al., 2006; Atulasimha and 
Bandyopadhyay, 2010; Salehi Fashami et al., 2011; D’Souza, Atulasimha and 
Bandyopadhyay, 2012a; Salehi Fashami, Atulasimha and Bandyopadhyay, 2012). So far, 
experimental work in strain-induced switching has been limited to magnets that are multi-
Figure 5.1: (a) Single-domain magnetostrictive nanomagnet elastically coupled to a piezoelectric layer. The 
uniaxial anisotropy of the ellipsoidal nanomagnet results in two stable states for the magnetization 
orientation. (b) Strain-induced clocking of magnetostrictive Co nanomagnets on a (001) PMN-PT substrate 
is shown. An electric field applied along the length of the substrate causes a stress, , to be generated along 
this direction via d33 coupling. The nanomagnets are fabricated such that their easy (long) axis lies in this 
direction. Therefore, a tensile stress causes a magnetization rotation to a direction perpendicular to the stress 
axis, as depicted by the dotted arrows. The direction of ‘P’ illustrates the direction of substrate polarization. 
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domain (Chung, Keller and Carman, 2009), in thin films (Davis, Baruth and Adenwalla, 
2010) or magnets where strain moves domain walls (Brintlinger et al., 2010; Allwood et 
al., 2005; Lei et al., 2013). The experimental studies in this work demonstrate, for the first 
time, strain-induced switching of single-domain magnetostrictive nanomagnets on a 
piezoelectric substrate. Additionally, a strain-clocked Boolean NOT logic gate is also 
shown, with unidirectional propagation of logic bit information along a chain of 
nanomagnets. 
 
5.2 Strain clocking schemes  
 
5.2.1 Isolated Nanomagnets (negligible dipole interaction)  
 
In the first scenario, the magnetostrictive nanomagnets investigated have negligible 
dipole interaction with neighboring nanomagnets. An electric field applied to bulk (001) 
PMN-PT substrate along the length results in a stress, , in the direction of the field via d33 
coupling, which is transferred to the Co nanomagnets (a 5 nm Ti adhesion layer is 
deposited below Co), as illustrated in Fig. 5.2. A compressive stress results in the 
magnetization of the nanomagnet aligning itself along the direction of stress application, 
while a tensile stress rotates the magnetization to a direction perpendicular the stress axis. 
Rotation can occur in either left or right direction in this case, under no dipole interaction 
with other magnets. 
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5.2.2 Dipole-coupled nanomagnets (Boolean ‘NOT’ logic)  
 
The first step in the realization of energy-efficient strain/stress-clocked 
nanomagnetic logic processors is to demonstrate the simplest logic gate, namely the 
inverter or the NOT gate. To understand how the Boolean NOT operation is implemented, 
consider two elliptical nanomagnets that are spaced close enough to be dipole coupled and 
the line joining their centers is along the minor axes of the ellipses as shown in Fig. 5.3. In 
this case, dipole coupling will favor the magnetizations of the two magnets to be mutually 
anti-parallel. Each nanomagnet encodes a logic bit in its magnetization orientation (say, the 
“up” orientation encodes bit 1 and “down” orientation bit 0). The left magnet’s orientation 
represents the input bit and right magnet’s orientation the output bit. The input bit is fed to 
the system by orienting the left magnet’s magnetization “up” or “down” with some 
external agent, and if the right magnet’s orientation responds to the input by assuming an 
orientation anti-parallel to that of the left magnet’s orientation, the NOT operation would 
Figure 5.2: Strain-induced clocking of single-domain magnetostrictive nanomagnets having negligible dipole 
interaction on a piezoelectric substrate.  
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have been realized. Next, suppose that the right magnet’s orientation was initially “down” 
and an input bit (“0”) arrived to orient the left magnet’s orientation to the “down” state, 
thereby leaving both the magnets in the “down” state denoted by (↓↓). While the dipole 
coupling prefers the (↓↑) state, it is not strong enough to make the right magnet’s (R) 
magnetization overcome its own shape anisotropy energy barrier and flip to assume the 
“up” orientation. To make it do so, we need to “clock” the magnetostrictive nanomagnets 
with stress. 
 
One way to do this is to apply a voltage across the piezoelectric substrate (on which 
the magnets rest) to induce a stress that is high enough to overcome the shape anisotropy 
energy barrier of the right magnet (R) but not that of the left magnet (L), causing the 
magnetization orientation of (R) to rotate and align along the hard axis as shown in Fig. 
5.3, with the magnetization of (L) showing little or no rotation. This state is represented as 
(↓→) and is reached only if the left magnet is deliberately designed to be more shape 
anisotropic than the right. In other words, the globally generated stress only “clocks” the 
Figure 5.3: Strain-induced clocking of dipole-coupled single-domain magnetostrictive nanomagnets on 
PMN-PT substrate. A dipole-coupled nanomagnet pair (L, R) is “initialized” in the ‘down’ direction by a 
magnetic field: (i)   = 0, (ii) when stressed with tensile stress, the magnetization of L barely rotates owing to 
its high shape anisotropy while that of R rotates by ~90°, to the right due to dipole coupling with L.  
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right magnet ensuring unidirectionality in information propagation, i.e. the magnetic state 
of the left influences the final magnetic state of the right, but not vice versa. We later 
explain in Fig. 5.5 how this unidirectionality can be achieved in homogenous 
nanomagnets.  
Upon removal of the stress (voltage) after reaching the (↓→) state, the 
magnetization of the output magnet (R) will prefer to assume the “up” orientation over the 
“down” orientation because of the dipole interaction with its left neighbor. It will therefore 
flip “up” with very high probability and implement the NOT function.  The stress has acted 
as a “Bennett clock” (Bennett, 1982) to remove the potential barrier between the local and 
global minima, thereby enabling the NOT operation. Had we started with an (↑↑) 
configuration and applied the above stress “clock” we would have reached (↑↓) state. Thus, 
the “NOT” operation works for either input bit.  
 
5.2.3 Unidirectional bit information propagation along nanomagnet chain  
 
The clocking scheme described above can be extended to an array of three 
nanomagnets (Fig. 5.4) of decreasing shape anisotropy (L > C > R) to show unidirectional 
propagation of a logic bit down a chain of nanomagnets. Again, it is assumed that the array 
is initialized with a global magnetic field so that the magnetizations of all the nanomagnets 
point "down", as represented by the state (↓↓↓). Upon application of a stress sufficient to 
overcome the shape anisotropy barriers of magnets (C) and (R), their magnetizations rotate 
to align along the hard axis, while the magnetization of (L) shows little or no rotation. This 
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takes the system to the (↓→→) state. As the stress is gradually withdrawn, the system 
passes through an intermediate stage where the shape anisotropy of magnet (C) begins to 
exceed the stress anisotropy. 
 
At this stage, the dipole interaction with (L) forces the magnet (C) to rotate to the 
"up" state. Note that the stress is still high enough to ensure that the magnet (R), with the 
weakest shape anisotropy, still points along the hard axis and the system is in the (↓↑→) 
state. Finally, as the stress is reduced further (and eventually removed) the magnetization 
Figure 5.4: Nanomagnetic Boolean NOT logic gate and unidirectional bit information propagation 
using strain-induced clocking. An array of three “initialized” dipole-coupled nanomagnets (L, C, R): (i)   
= 0, (ii) when   = max, the stress anisotropy overcomes the shape anisotropy energies of C and R and rotates 
their magnetizations to ~90°, (iii) when the stress reduces to an intermediate value, int  < max, the shape 
anisotropy energy of C exceeds that of its stress anisotropy, causing its magnetization to flip and settle to the 
‘up’ orientation as dictated by its dipole interaction with L; int is still high enough to keep the magnetization 
of R at ~90°, (iv) Finally, when the stress is removed, the magnetization of R rotates and settles to the ‘down’ 
direction based on its dipole interaction with C. 
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of magnet (R) rotates under the dipole influence of the magnet (C) and the system settles to 
a (↓↑↓) state. We can view this as the bit information encoded in magnet (L) having 
propagated unidirectionally through magnet (C) to magnet (R). 
In these experiments, both the NOT operation and the propagation of logical 
information in a nanomagnet chain globally clocked by stress are demonstrated for the first 
time using nanomagnets of different shape anisotropy. Ultimately, one would like to be 
able to implement these operations in chains of homogeneous nanomagnets (therefore 
having the same shape anisotropy). This may be achieved in the manner of Fig. 5.5, where 
the nanomagnets are locally clocked by stress in a phased manner to ensure unidirectional 
propagation of information. 
Each electrode pair is activated by applying an electrostatic potential between both 
members of that pair and the grounded substrate. Since the electrode in-plane dimensions 
are comparable to the piezoelectric film thickness, the out-of-plane (d33) 
expansion/contraction and the in-plane (d31) contraction/expansion of the piezoelectric 
regions underneath the electrodes produce a highly localized strain field under the 
electrodes (Cui et al., 2013). Furthermore, since the electrodes are separated by a distance 
1–2 times the piezoelectric film thickness, the interaction between the local strain fields 
below the electrodes will lead to a biaxial strain in the piezoelectric layer underneath the 
magnet (Cui et al., 2013). This biaxial strain (compression/tension along the line joining the 
electrodes and tension/compression along the perpendicular axis) is transferred to the 
magnet, thus rotating its magnetization. This happens despite any substrate clamping and 
despite the fact that the electric field in the PMN-PT layer just below the magnet is 
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approximately zero since the metallic magnet shorts out the field (Cui et al., 2013). The 
electrode pairs are activated sequentially in the manner shown in Fig. 5.5 to implement 
both NOT function and for unidirectional propagation of information along a chain of 
nanomagnets. 
 
5.3 Experimental Setup and Energy Calculations  
 
Figure 5.5: Local clocking of nanomagnets using the Bennett clocking scheme. Ideally, if a local strain-
clocking scheme is employed, stress can be applied selectively to targeted nanomagnets via individual 
electrodes (Cui et al., 2013). Here all magnets are assumed to be nominally identical. (a) To propagate the 
magnetization state of the input magnet 1, a voltage (+V) is applied to nanomagnets 2 and 3 simultaneously 
to generate a stress   to ‘clock’ them. (b) In the next phase of the clock cycle, the voltage (stress) is 
removed from 2, while 3 and 4 are now clocked, resulting in the magnetization of 2 rotating and settling to 
the desired ‘up’ direction. This clock cycle is applied to successive nanomagnet pairs along the array with 
the input data propagating unidirectionally and replicated in every odd-numbered nanomagnet. 
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The following experimental work consists of studying the switching of three 
different configurations of Co magnetostrictive nanomagnets (nominal diameter ~200 nm) 
deposited on a polished (001)-oriented (1-x)[Pb(Mg1/3Nb2/3)O3]–x[PbTiO3] (PMN-PT)  
substrate (where x = 0.3) of dimensions 550.5 mm3 (supplied by Atom Optics Co. Ltd.) 
when clocked by strain. In all cases, the magnetizations are “initialized” to the ‘down’ 
direction (↓) by applying a magnetic field of ~200 mT along the easy axis of the 
nanomagnets. Strain is produced by applying an electrostatic potential along the length of 
the PMN-PT substrate which is initially poled with a 800 kV/m field in this direction. 
Following poling, a linear strain-electric field characteristic was observed as described in 
Section 1.3 of Chapter 1. A strain of ~400 ppm was achieved by applying an electric field 
of 400 kV/m along the length of the PMN-PT substrate. Since the magnetostrictive 
nanomagnet (~12 nm thickness) is extremely thin, both with respect to the PMN-PT 
substrate and its own lateral dimensions (~200 nm), most of the strain will be transferred to 
it. This corresponds to a stress of ~80 MPa on the Co nanomagnets, which has a Young's 
Modulus of ~200 GPa (Davis, 2000). 
 
5.3.1 Nanomagnet fabrication    
 
The primary considerations in choosing the nominal dimensions of the 
nanomagnets are: a) in an array of three nanomagnets, the shape anisotropy of the magnets 
should decrease progressively along the array in order to allow unidirectional propagation 
of a logic bit, b) the dimension of the “input” magnet (highest shape anisotropy) should be 
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such that its shape anisotropy energy is much greater than the stress anisotropy energy 
generated by the maximum applied stress of ~80 MPa, so its magnetization will not rotate 
(or rotate very slightly) upon stress application, c) the second magnet (intermediate shape 
anisotropy) in the array should have dimensions such that a stress of ~80 MPa will be able 
to produce a ~90° rotation, but a lower stress of ~60 MPa will not. Therefore, when 
stressed with intermediate stress, its magnetization should rotate to a direction (↑ or ↓) as 
dictated by its dipole interaction with the neighboring magnet(s), c) the third magnet 
(lowest shape anisotropy) should have a lower shape anisotropy than the second magnet so 
that its magnetization can be rotated by ~90° with a stress of either ~80 MPa or ~60 MPa. 
Therefore, only when stress is reduced below 60 MPa, should the magnetization of the 
third magnet (with the weakest shape anisotropy) be able to rotate under the influence of 
the second magnet, and finally, d) we must account for a ~5% variation in the nanomagnet 
dimensions, with particular consideration for the second and third nanomagnets, which 
have smaller tolerances for variations because of the clocking scheme that requires 
nanomagnets of decreasing shape anisotropy. 
Our choice of Co as the magnet material narrows our tolerances further. The higher 
saturation magnetization of Co (Ms = 14.22 × 10
5
 A/m
 
(Bozorth, 1993)), compared to that 
of other common magnetostrictive materials such as Ni (Ms = 4.84 × 10
5
 A/m (Bozorth, 
1993)), enables MFM imaging with better contrast and lower susceptibility to tip-induced 
magnetization reorientation, but also results in higher shape anisotropy energies for a given 
set of dimensions. Therefore, the second and third nanomagnets must have shapes that are 
almost “circular” (low ellipse eccentricity) in order for the stress anisotropy to be able to 
 107 
 
overcome the shape anisotropy. Consequently, it is extremely important to find a "sweet 
spot" where the shape anisotropy is sufficiently high to allow good MFM imaging (with 
low moment MFM tips) but is low enough that the generated stress anisotropy can 
overcome it and rotate the magnetization. With these objectives in mind, the nominal 
dimensions of the “input” nanomagnet having the strongest shape anisotropy are chosen to 
be (250×150×12) nm
3
, while the second and third nanomagnets are designed with nominal 
dimensions of (200×175×12) nm
3
 and (200×185×12) nm
3
, respectively. The fabrication 
process flow (nanolithography, material deposition, etc.) is described in detail in Section 
1.3 of Chapter 1. 
Lithographic and dosage variations (in the electron-beam lithography phase) make 
the lateral dimensions of a nanomagnet differ from the nominal values. Deposition rate 
variation during evaporation of the metals (nanomagnets) imparts a degree of randomness 
to the thickness of the nanomagnets. Another source of variability that is seldom 
appreciated is oxidation of the Co layer due to repeated handling under atmospheric 
conditions that reduces the effective dimensions of the nanomagnet (lateral and thickness). 
In the case of the nanomagnet of nominal dimensions (250×150×12) nm
3
, a ~5% variation 
in dimensions (lateral and thickness) will result in lower and upper bound dimensions of 
(237×157×11) nm
3
 and (263×142×13) nm
3
, respectively. Similarly, the lower and upper 
bounds of the second nanomagnet’s dimensions are (190×183×11) nm3 and (210×167×13) 
nm
3
, respectively. Finally, the same bounds for the third nanomagnet are (190×194×11) 
nm
3
 and (210×176×13) nm
3
, respectively. It can be seen that for the nanomagnet with 
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weakest shape anisotropy (third), a 5% variation in dimensions results in a ‘lower bound’ 
nanomagnet with the easy (long) axis along the horizontal, rather than the vertical, axis! 
 
5.3.2 Estimation of the stress anisotropy energy in the Co nanomagnets 
 
Next, we calculate the anisotropy energies of the Co nanomagnets having nominal 
dimensions of (250×150×12) nm
3
, (200×175×12) nm
3
 and (200×185×12) nm
3
. 
The stress anisotropy energy of a nanomagnet can be expressed as (Cullity and Graham, 
2009):  
   sanisotropystressE 23 ,                                         (5.1) 
where (
2
3 s) is the saturation magnetostriction of Co,  is the stress applied to the 
nanomagnet and  is its volume. A tensile stress is taken to be positive while a 
compressive stress is negative. Therefore, the stress anisotropy energies of the Co 
nanomagnets having nominal dimensions as stated above are calculated, using Equation 
(5.1), to be 8.8 eV, 8.2 eV and 8.7 eV, respectively, for a stress of ~80 MPa in the Co 
layer. 
 Assuming a ~5% variation in dimensions, we now calculate lower and upper 
bounds for the stress anisotropy (shape anisotropy calculations are performed in the next 
section) to give a range of possible anisotropy energies. For instance, in the case of the first 
“input” nanomagnet having lower and upper bound dimensions of (237×157×11) nm3 and 
(263×142×13) nm
3
, respectively, the stress anisotropy energies are calculated to be 8 eV 
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and 9.5 eV, respectively, from Equation (5.1). The stress anisotropy energy barriers for the 
three nanomagnets will be in the ranges (8 – 9.5) eV, (7.5 – 9) eV and (8 – 9.4) eV, 
respectively. 
 
5.3.3 Estimation of the shape anisotropy energy in the Co nanomagnets 
 
Next, we calculate the shape anisotropy energy of the nanomagnets which is given 
by (Cullity and Graham, 2009): 
  dsanisotropyshape NME 






20
2

                                     (5.2) 
where 0 is the permeability of free space, Ms is the saturation magnetization of Co and Nd 
is the demagnetization factor. We consider the Co nanomagnet to be a very flat ellipsoid 
(Osborn, 1945) with the diameters of the major and minor axis as a and b, and with a 
thickness c (for a ≥ b >> c). The expressions for Nd along the major (long) axis and minor 
(short) axis are (Osborn, 1945): 
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where K and E are complete elliptical integrals (Peirce, 1957) with argument 
2
1
)1( 22 abe  . 
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Thus, the nanomagnets with nominal dimensions of (250×150×12) nm
3
, 
(200×175×12) nm
3
 and (200×185×12) nm
3
 will have shape anisotropy energies of 104.8 
eV, 26.4 eV and 15.8 eV, respectively. However, the 5% fabrication variability will 
introduce a spread in these energies, so the energies will be in the ranges ~ (71 – 148) eV, 
(6 – 53) eV and (3.5 – 42) eV, respectively. 
 
It can be seen that while the first nanomagnet (with highest shape anisotropy) is 
always highly resilient to stress-induced rotation of its magnetization, the 5% variation in 
the dimensions of the second and third nanomagnets leads to a wide spread in their shape 
anisotropy energies. That makes the rotation of their magnetization vectors under 80 MPa 
stress less predictable. For instance, the second magnet’s shape anisotropy energy has a 
lower bound of ~6 eV and upper bound of ~53 eV. The stress anisotropy energy has a 
lower bound of ~7.5 eV and upper bound of ~9 eV. Therefore, when we fabricate several 
sets of three-magnet arrays, in some of them, the second magnet will rotate through a large 
angle (~90°) under stress and in the others, it will not.  
One could argue that designing the second and third nanomagnets with even lower 
shape anisotropy would have ensured that the stress anisotropy would rotate a greater 
number of nanomagnets. However, consider the third nanomagnet with lowest shape 
anisotropy having nominal dimensions of (200×185×12) nm
3
. A 5% variation in every 
dimension could result in a nanomagnet of dimensions ~ (190×194×11) nm
3
. It is easy to 
see that such a nanomagnet would have its easy (long) axis along the horizontal, rather 
than the vertical, axis, and inhibit propagation of information along the nanomagnet array. 
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Therefore, while nanomagnets with nominal dimensions of, say, (200×190×8) nm
3
 and 
(200×195×8) nm
3
 would have shape anisotropy energies of ~4.7 eV and ~2.3 eV, 
respectively, and stress anisotropy energies of ~6 eV and ~6.1 eV (generated by 80 MPa 
stress) will be enough to rotate the magnetization, the possibility of finding nanomagnets 
with incorrect easy axes (along the horizontal instead of vertical) will also be greater. 
Furthermore, note that the lower the shape anisotropy, the higher the possibility of tip-
induced effects from the MFM tip, which may cause magnetization reorientation during 
scanning. Thus, it was important to find the "sweet spot" where the shape anisotropy is 
sufficiently high to allow good MFM imaging while being low enough that stress 
anisotropy could beat it and rotate the magnetization. 
Considering the complexities described above, one can appreciate the tight 
fabrication tolerance of this scheme, especially when considering an array of multiple 
nanomagnets with decreasing shape anisotropies. Failure to satisfy this strict tolerance 
accounts for the low percentage of nanomagnets that switch correctly, as shown in the 
MFM results of the following section, in which we examine various scenarios where the 
magnetic state prior to and subsequent to the application of the stress clock is studied. We 
also point out that such strict lithographic tolerances may be daunting for an academic lab, 
but is par for the course in an industrial foundry. 
 
5.4 Experimental Magnetic Force Microscopy (MFM) Results – Cycle 1 
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In Cycle 1, the magnetizations are “initialized” to the ‘down’ direction (↓) by 
applying a magnetic field of ~200 mT along the easy axis of the nanomagnets. Strain is 
produced by applying an electrostatic potential along the length of the PMN-PT substrate 
which was initially poled with a 800 kV/m field in this direction. 
 
5.4.1 Nanomagnets with negligible dipole interaction (Fig. 5.2 and Fig. 5.6)    
 
Figure 5.6(a) shows MFM images of isolated (separated by ~800 nm) Co 
nanomagnets possessing a high degree of shape anisotropy (nominally 250×150×12 nm
3
). 
Since the stress generated is not large enough to beat the shape anisotropy of these 
nanomagnets, the pre-stress (Fig. 5.6(a), left) and post-stress (Fig 5.6(a), right) magnetic 
states are identical. Hence, we conclude the magnetization did not rotate significantly and 
certainly not by anything close to 90º. However, Fig. 5.6(b) shows that nanomagnets with 
lower shape anisotropy (nominally 200×175×12 nm
3
) do experience magnetization 
rotation. When stress is applied to these nanomagnets, their shape anisotropy barriers are 
overcome and their magnetizations orient themselves along the hard axis by rotating 
through ~90º. Upon removal of the stress, the magnetization of this isolated magnet with 
no dipole interaction has equal probability of returning to its initial state or flipping to the 
opposite direction. Hence, some magnets do switch as highlighted by the yellow arrows, 
while the rest do not. Switching indicates that the magnetization of that nanomagnet must 
have rotated by ~90º when stress was applied. On an average, one would expect 50% of 
the magnets whose magnetization rotated ~90º by to flip their magnetization orientation  
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                Pre-stress Post-stress 
(a) 
    Pre-stress Post-stress 
(b) 
Figure 5.6: MFM phase images of isolated Co nanomagnets on bulk PMN-PT substrate in pre-stress 
and post-stress states. (a) Nanomagnets of nominal dimension (250×150×12 nm
3
) having a shape anisotropy 
energy much higher than that of stress anisotropy energy (at ~80 MPa). As a result, the magnetization 
orientations of the nanomagnets in the pre-stress (↓) and post-stress (↓) states are identical, showing no 
magnetization flipping. (b) Nanomagnets having a lower shape anisotropy energy (nominal dimension 
~200×175×12 nm
3
) than that of stress anisotropy at ~80 MPa experience magnetization switching to ~90º 
when stress is applied. Upon removal of stress, only a few nanomagnets (due to factors such as lithographic 
variances, stress distribution and 50% probability of rotating "up" or "down" from the hard axis) flip their 
magnetization from (↓) to (↑). The yellow arrows highlight nanomagnets that experience a flip in 
magnetization due to the strain-induced clocking scheme. The white arrow indicates the direction of the 
magnetic field used to “initialize” the nanomagnets. 
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from "down" to "up" since they experience no dipole interactions with neighboring 
nanomagnets. The other 50% would flip back to the original "down" state. However, due 
to various fabrication factors discussed earlier (lithographic variances, surface roughness, 
stress concentration, etc.), only a fraction of the magnets meet the correct condition (stress 
anisotropy greater than shape anisotropy) to allow ~90º rotation, resulting in far fewer than 
50% of the magnets flipping their magnetization orientations by 180º. 
 
5.4.2 Two dipole-coupled magnets (Fig. 5.3 and Fig. 5.7)    
 
Next, the switching of dipole-coupled nanomagnets with a strain clock is studied. 
The dipole-coupled pair consists of a high shape anisotropy "input" magnet (~250×150×12 
nm
3
; magnet (L) as in Fig. 5.3) and a relatively lower shape anisotropy "output" magnet 
(~200×175×12 nm
3
; magnet (R) as in Fig. 5.3), separated by ~300 nm. When ~80 MPa of 
stress is applied to the bulk substrate, the magnetization of the "input" magnet (L) does not 
rotate significantly, while that of the "output" magnet (R) rotates by ~90°. When stress is 
removed, the magnetization of magnet (R) tends to flip "up" due to its dipole interaction 
with magnet (L). 
Thus, the magnetization state of this dipole pair changes from its pre-stress state of 
(↓↓) to a post-stress state of (↓↑), as highlighted by the yellow arrows in Fig. 5.7, 
implementing a logical NOT operation. As explained earlier, due to lithographic variances, 
all "output" magnets (R) do not flip; only a small fraction do. 
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5.4.3 An array of three dipole-coupled magnets (Fig. 5.4 and Fig 5.8)    
 
Finally, we study an array of 3 nanomagnets of decreasing shape anisotropy; 
magnet (L) (~250×150×12 nm
3
), magnet (C) (~200×175×12 nm
3
) and magnet (R) 
(~200×185×12 nm
3
) as in Fig. 5.4, having an inter-magnet separation of ~300 nm. On 
applying stress, the chain switches from (↓↓↓) to (↓→→) when stress rotates both (C) and 
(R) but is unable to rotate the highly anisotropic (L) magnet. When stress is reduced to an 
intermediate value, magnet (C) should have switched to "up" state under dipole coupling 
from (L) resulting in (↓↑→). However in-situ MFM scans under stress would be needed to 
show this. When stress is further reduced, magnet (R) switches to the "down" state under 
 
   Pre-stress Post-stress 
L R 
Figure 5.7: Dipole-coupled nanomagnet pair (L~250×150×12 nm, R~200×175×12 nm) having a separation 
of ~300 nm in the pre-stress state, pointing ‘down’ (↓↓). Upon stress application (~80 MPa), R with the lower 
shape anisotropy experiences magnetization rotation to ~90°, while L experiences no switching due to its 
high shape anisotropy. Finally, when stress is removed, the magnetization of R rotates and settles to the 
desired (↑) state, under the dipole influence of L, resulting in the final state of the pair as (↓↑).The white 
arrow indicates the direction of the magnetic field used to “initialize” the nanomagnets. 
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dipole coupling of (C) resulting in a chain with magnetic state (↓↑↓) as shown in Fig. 6B 
(yellow arrows). This demonstrates logic propagation in a unidirectional manner. We note 
that fabrication defects may result in some nanomagnets not switching at all or switching 
to wrong states.  Examples of these are discussed and shown in the following section. 
 
 
 
 
5.5 Experimental Magnetic Force Microscopy (MFM) Results – Cycle 2 
 
While the three scenarios shown in the previous section investigate magnetization 
switching in nanomagnets that are “initialized” to have their magnetizations point in the 
‘down’ direction (↓) via a magnetic field prior to application of the stress cycle (Cycle 1), 
   
Pre-stress Post-stress 
   
Pre-st ss Post-stress 
Figure 5.8: Three-nanomagnet dipole-coupled pairs (L~250×150×12 nm, C~200×175×12 nm, 
R~200×185×12 nm). Yellow arrows indicate dipole-coupled nanomagnet pairs that experience magnetization 
flipping from the “initialized” (↓↓↓) state to the final, settled state (↓↑↓).The white arrow indicates the 
direction of the magnetic field used to “initialize” the nanomagnets. 
L C R  
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in order to test the repeatability of these results, we perform another set of MFM studies 
(Cycle 2) on the same nanomagnet arrays in which we re-“initialize” the magnetization, in 
this instance to (↑) with a strong magnetic field of ~200 mT directed along that direction. 
 After removing the “initializing” field, the magnetic states of the nanomagnets are 
recorded at zero stress, following which a strain of ~400 ppm that would produce a stress 
of ~80 MPa is applied to the substrate and the final magnetization orientation is captured. 
In the following MFM images, we compare the pre- and post-stress magnetic states of 
nanomagnets in the three scenarios in Cycle 2. 
Another issue that we must confirm did not occur in these experiments is MFM tip-
induced magnetization reorientation in the Co magnets. We perform several consecutive 
scans of the same nanomagnet array (top-down scan followed by bottom-up scan, and so 
on). Since no such switching occurs, we conclude that the magnetization of the MFM tip is 
not strong enough to affect the magnetization of the nanomagnets. 
Note that the same nanomagnet arrays are investigated in both Cycle 1 and Cycle 2 
for all three scenarios. Also, a small amount of nanomagnet sets appear to have 
contaminants on the surface after Cycle 2, possibly from contaminant accumulation on the 
MFM tips or from repeated applications of silver paste along the substrate edges. The 
nanomagnets affected by these contaminants are not considered in our conclusions about 
magnetization switching. 
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5.5.1 Nanomagnets with negligible dipole interaction    
 
Figure 5.9 illustrates isolated nanomagnets with negligible dipole interaction (~800 
nm inter-magnet separation). As in Fig. 5.6(a), we see that the magnetization directions of 
the highly shape anisotropic nanomagnets do not flip after applying a stress ~80 MPa, as 
shown in the identical pre-stress (↑) and post-stress (↑) MFM phase images of Fig. 5.9a. 
Nanomagnets with lower shape anisotropy (nominally 200×175×12 nm
3
) are shown in Fig. 
5.9b and we do observe magnetization rotation from (↑) to (↓) (yellow arrows), although 
these are not the same nanomagnets that switched in Cycle 1 (green arrows). This can be 
attributed to the fact that the stress induces a magnetization rotation (to the hard axis) in 
these nanomagnets, but once the stress is removed, there is a 50% probability of the 
magnetization rotating in either direction since they are under no (or negligible) dipole 
influence. Thus, a magnet that switched the first time need not switch the second time and 
vice-versa. Nanomagnets having nominal dimension of 200×185×12 nm
3
 are shown in Fig. 
5.9c. It illustrates magnetization rotation in the nanomagnet highlighted by the yellow 
arrow. As can be seen, the magnetization direction of several nanomagnets is not strictly 
(↑) and tends to be slightly deviated from the vertical direction (also in the case of Fig. 
5.9b). This is due to variations in lithographic fabrication that result in nanomagnets 
having slight asymmetries in their shape. Therefore, the major (easy) axis may be at a 
slightly slanted and not strictly along the vertical axis as desired.  
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5.5.2 Two dipole-coupled nanomagnets    
 
Dipole-coupled nanomagnets were also studied, consisting of a high shape 
anisotropy “input” nanomagnet (~250×150×12 nm; left) that does not rotate significantly 
under stress and a lower shape anisotropy “output” nanomagnet (~200×175×12 nm; right) 
 
Pre-stress Post-stress 
(c) 
Figure 5.9: Isolated nanomagnets “initialized” to (↑) with a magnetic field of ~200 mT (Cycle 2). (a) 
Highly shape anisotropic nanomagnets (nominal dimensions ~250×150×12 nm
3
). Since the shape 
anisotropy energy is much higher than that of stress anisotropy energy (at ~80 MPa), the nanomagnets do 
not respond to stress and flip. Thus, the post-stress magnetization state of the nanomagnets (↑) is identical 
to that of the pre-stress state (↑) for all the nanomagnets. (b) Nanomagnets of lower shape anisotropy 
(~200×175×12 nm
3
). When a stress of ~80 MPa is applied, magnetization rotation of ~90° takes place in 
the nanomagnets in which the stress anisotropy energy is higher than the shape anisotropy energy. When 
the stress is withdrawn, the magnetizations of these nanomagnets have a 50% probability of flipping from 
(↑) to (↓), with the yellow arrows highlighting such a scenario. The green arrows point to the nanomagnets 
that flipped their magnetization in Cycle 1, but not in Cycle 2. (c) Nanomagnets having the lowest shape 
anisotropy in our experiments (~200×185×12 nm
3
). The yellow arrow shows the nanomagnet undergoing 
magnetization switching. 
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whose magnetization does rotate when stressed. It can be seen that two pairs of dipole-
coupled nanomagnets (yellow arrows) rotate from the initial (↑↑) state to the final (↑↓) 
state, indicating a flip in the output magnetization state upon application of stress (Fig. 
5.10a).  
(a) 
 
Pre-stress Post-stress 
 (i) (ii) 
(iii) 
(b) 
Figure 5.10: (a) Nanomagnet pairs (L~250×150×12 nm
3
, R~200×175×12 nm
3
) with separation of ~300 
nm. The initial state of the pairs is (↑↑) enforced with a magnetic field. Upon stress application of ~80 
MPa, the magnetization of the “output” magnet R rotates by ~90° since the stress anisotropy is greater than 
its shape anisotropy, while that of “input” L undergoes no significant rotation owing to the high shape 
anisotropy. When the stress is withdrawn, the magnetization of R rotates to the (↓) direction as dictated by 
its dipole interaction with L. This scenario is highlighted by the yellow arrows. Other nanomagnet pairs do 
not undergo this desired switching behavior, possibly due to variations in the fabrication process. The 
green arrow shows the nanomagnet pair that underwent magnetization switching in Cycle 1 as well [from 
(↓↓) to (↓↑) . (b) Consecutive MFM scans [(i) top-down, (ii) down-top, (iii) top-down] of the nanomagnet 
array of Fig. 5.10a. The identical states in all three cases confirm little or no tip-induced magnetization 
reorientation. 
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Interestingly, the nanomagnet pair highlighted by the green arrow also 
demonstrated magnetization switching in Cycle 1 (in which the rotation was from its pre-
stress state of (↓↓) to a post-stress state of (↓↑)). Also, in order to ensure that the MFM tip 
does not induce magnetization rotation in the nanomagnets, we perform three consecutive 
scans (top-down, followed by bottom-up scans, and finally another top-down scan) of the 
same array shown in Fig. 5.10a. Since all three scans are identical (Fig. 5.10b), we can 
conclude that the MFM tip has a negligible effect on switching the magnetization of the 
nanomagnets. 
 
5.5.3 Dipole-coupled chain of nanomagnets    
 
In Fig. 5.11, we examine an array of three dipole-coupled nanomagnets of 
decreasing shape anisotropy and having nominal dimensions of 250×150×12 nm
3
 (left), 
200×175×12 nm
3
 (center) and 200×185×12 nm
3
 (right) and having an inter-magnet 
separation of ~300 nm. As with the previous scenarios, a global magnetic field (~200 mT) 
is applied to the nanomagnet arrays in order to “initialize” the nanomagnets to (↑↑↑). 
However, owing to lack of sufficient lithographic control, resulting in nanomagnets that 
differ from the nominal dimensions, certain nanomagnets may have nearly circular shape 
with shape anisotropy energies that are lower than the dipole interaction energy due to their 
neighbors. In these cases, magnetization switching occurs as soon as the initializing 
magnetic field is removed, and before any stress is applied, because the dipole interaction 
between neighbors can overcome the shape anisotropy energy barrier of the nearly-circular 
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magnet and flip its magnetization. This situation is highlighted by the red arrows in Fig. 
5.11 which show trios with initial pre-stress states of (↑↓↑) instead of (↑↑↑). The yellow 
arrow in Fig. 5.11a identifies a trio in which stress induces a magnetization rotation from 
its initial state (↑↑↑) to the desired final state (↑↓↑). In another magnet trio (blue arrow), the 
initial magnetization state is (↑↑↓). However, after applying the stress, the final state of the 
array is the desired state (↑↓↑). This signifies that when stress was applied, the 
magnetization of both central and right magnets get reoriented to the correct state based on 
dipole interactions with the “input” magnet on the left having the highest shape anisotropy 
(thereby, being marginally affected by stress). In another trio, with similar shape 
anisotropy variation in the nanomagnets (Fig. 5.11b), we see correct magnetization 
switching from (↑↑↑) to (↑↓↑) after application of stress (yellow arrow) and from (↑↓↓) to 
(↑↓↑) (blue arrow). However, we also see instances of seemingly incorrect switching from 
(↑↑↑) to (↑↑↓) (white arrow). This may be due to several factors such as lithographic 
variances that result in the central nanomagnet having higher shape anisotropy than 
desired, stress variation in the substrate, etc. The green arrows signify nanomagnet arrays 
that switched in Cycle 1, with the dotted white box highlighting the set of arrays 
investigated in the main paper. While it can be seen that neither of the three nanomagnet 
trios (green arrows) switched in Cycle 2, this can be attributed to the fact that the initial 
pre-stress state is incorrect and not the desired (↑↑↑) state.  
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5.6 Conclusions and Discussion 
 
The MFM results shown above demonstrate strain-induced clocking of 
nanomagnets in both directions, from (↓) to (↑) and from (↑) to (↓), as well their 
corresponding dipole-coupled scenarios implementing basic NOT logic functionality and 
information propagation. While we have demonstrated nanomagnetic logic by applying a 
 
Pre-stress Post-stress 
  
Figure 5.11: Nanomagnets (L, C, R) with nominal dimensions ~ 250×150×12 nm
3
, 200×175×12 nm
3
, 
200×185×12 nm
3, respectively. The nanomagnet arrays are “initialized” to (↑↑↑) with a magnetic field. 
However, certain arrays have incorrect pre-stress initial states (red arrows), possibly due to lack of 
lithographic control that result in nanomagnets having shape anisotropy energies that are less than the 
dipole interaction energies they experience. That causes magnetization switching as soon as the initializing 
magnetic field is removed, and before any stress can be applied. The yellow arrow pinpoints arrays 
undergoing correct magnetization switching from (↑↑↑) to (↑↓↑). The blue arrow points to an array with 
incorrect initial states that settle to the desired final state of (↑↓↑) after application of stress ~80 MPa. The 
white arrow points to another array having a correct initial state but an incorrect final state of (↑↑↓) after 
applying stress. The green arrows signify nanomagnet arrays that switched in Cycle 1, with the dotted 
white box highlighting the set of arrays investigated in the main paper. 
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global stress using a bulk substrate, we next calculate the energy dissipation if the clocking 
was applied locally as shown in Fig. 5.5 to highlight the potential energy efficiency of 
strain-clocked nanomagnetic logic. To generate a strain of ~400 ppm, a conservative 
estimate of the electric field needed for a PMN-PT film with d33 = ~(1500-2500) pm/V 
(Luo, Zhao and Luo, 2010)
 
and d31 = ~ -(700-1300) pm/V (Luo, Zhao and Luo, 2010) in 
the above configuration is ~400 kV/m. To apply this field locally between the electrode 
and the substrate for a PMN-PT film of thickness t~200 nm, the voltage required would 
have been ~80 mV. The capacitance between the electrode pair and substrate is calculated 
by treating them as two flat plate capacitors in parallel. The area of each plate is A = 4×10
-
14
 m
2
 (assume square electrode of width ~200 nm). The total capacitance including both 
electrodes is, C = 2
0 /r A t  is ~10 fF.  Assuming all the energy involved in charging the 
capacitor to strain the nanomagnet is lost, the energy dissipation/clock cycle, 21 2dE CV
= 32×10
-18 
J (32 aJ). Scaling the nanomagnet dimensions to ~100 nm and the square 
electrode width to ~100 nm will allow one to reduce the PMN-PT thickness to ~100 nm. 
This will reduce the switching voltage required to ~40 mV and the total capacitance to ~5 
fF, making the energy dissipation go down to ~4 aJ. Moreover, if highly magnetostrictive 
materials such as Terfenol-D can be used instead of cobalt, the voltage needed can be 
decreased to ~8 mV and the energy dissipated in the switching circuit to ~0.16 aJ. 
Additional dissipation in the magnet due to Gilbert damping must then be taken into 
account and would roughly be ~1 aJ per clock cycle for a 1 GHz clock (Salehi Fashami et 
al., 2011). Therefore, the total dissipation in switching could be as low as ~1 aJ per clock 
 126 
 
cycle which is two to three orders of magnitude lower than what current transistors 
dissipate during switching (International Technology Roadmap for Semiconductors) and 
one order of magnitude lower than the calculated dissipation in switching magnets with 
spin Hall effect (Bhowmik, You and Salahuddin, 2014). That would make this scheme the 
most energy-efficient clocking mechanism extant. 
In summary, we have demonstrated strain-clocked nanomagnetic logic utilizing 
single-domain Co nanomagnets of ~200 nm lateral dimensions on a bulk PMN-PT 
substrate. This lays the groundwork for future ultra energy-efficient Boolean computation 
utilizing this scheme. The miniscule energy that is dissipated per bit flip (~1 aJ for 
appropriate materials and dimensions) could enable low-density processors, with ~10
6
 
switches/cm
2
 and experiencing ~10% activity level (i.e. 10% of the switches flipping at 
any given time), and clocked at 1 GHz, to dissipate only ~100 W/cm2. Such small power 
requirements can be met by harvesting energy from the surroundings (vibration, TV 
networks, 3G, etc.) without requiring a battery (Paradiso and Starner, 2005; Liu et al., 
2011; Davis et al., 2005). Provided challenges such as fabrication of multiferroic elements 
that would permit local (rather than global) clocking of the nanomagnets, very precise 
nanofabrication, and mitigation of high switching error rates (Spedalieri et al., 2011; Salehi 
Fashami, Atulasimha and Bandyopadhyay, 2013) in dipole-coupled nanomagnet arrays, 
can be met, this could lead to devices hitherto thought impossible. Such devices could 
include medically implanted processors that monitor vital body functions (Roy, 
Bandyopadhyay and Atulasimha, 2011a; Geddes, 1990), human-powered wearable 
computers (Starner, 1996) and processors embedded in structures (tall buildings, bridges) 
 127 
 
that continuously monitor fracture, material fatigue, etc., that are powered solely by energy 
harvested from the environment. 
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CHAPTER 6 Summary, Scientific Contributions and Future Work 
 
6.1 Research Summary 
 
Nanomagnetic logic has emerged as a promising alternative to transistor based 
logic because it offers both non-volatility and energy-efficiency. In particular, if the 
switching of the nanomagnets employs “straintronics” (Atulasimha and Bandyopadhyay, 
2010), whereby the magnetization of a multiferroic magnet is switched with a tiny voltage 
generating strain in a magnetostrictive-piezoelectric composite. This scheme, proposed by 
our group, was previously shown to reduce the energy dissipated per bit flip to a few 
hundred kT at room temperature (Atulasimha and Bandyopadhyay, 2010; Roy, 
Bandyopadhyay and Atulasimha, 2011a; Salehi Fashami et al., 2011). These theoretical 
studies were performed on two-state multiferroic nanomagnets possessing uniaxial shape 
anisotropy  
The work conducted in this dissertation further embellishes the multiferroic’s 
functionality by introducing biaxial magnetocrystalline anisotropy in the magnetostrictive 
layer, thereby, giving it four stable magnetization orientations in which four states can be 
encoded. Using this as motivation, the use of four-state multiferroic nanomagnets for logic 
applications (D’Souza, Atulasimha and Bandyopadhyay, 2011, 2012a) is explored, along 
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with its implementation in higher order applications such as image reconstruction and 
recognition in the presence of noise, associative memory and neuromorphic computing 
(D’Souza, Atulasimha and Bandyopadhyay, 2012b). 
In addition, this work also studies strain-induced magnetization switching in 
elliptical two-state magnetostrictive nanomagnets of nominal lateral dimensions ~200 nm 
and thickness ~12 nm possessing shape anisotropy and fabricated on a bulk PMN-PT 
substrate. The resulting magnetization switching using strain is investigated for single-
domain nanomagnets and for clocking of dipole-coupled magnet arrays to implement 
Boolean logic. These experiments are studied using Magnetic Force Microscopy (MFM) 
that is used to image the single domain magnetization switching and demonstrate strain 
clocked nanomagnetic logic for the first time (D’Souza et al., 2014). 
A brief summary of each chapter is provided next. 
 
6.1.1 Four state nanomagnetic logic using multiferroics    
 
Numerical simulations were performed to demonstrate a low-power 4-state 
universal logic gate (NOR) using a linear array of three dipole-coupled magnetostrictive-
piezoelectric multiferroic nanomagnets (e.g. Ni/PZT) with biaxial magnetocrystalline 
anisotropy. It is assumed that the two-dimensional geometry of the nanomagnet precludes 
out-of-plane excursion of the magnetization vector due to a large magnetoelastic penalty. 
While this approximation will not be suitable for studying dynamic properties such as 
switching delays, it is sufficiently accurate for studying quasi-static properties  
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The two peripheral nanomagnets in the array encode the 4-state input bits in their 
magnetization orientations and the central nanomagnet’s magnetization orientation 
represents the output bit. Numerical simulations using MATLAB® were carried out to 
confirm that the 4-state output bit is the Boolean NOR function of the two 4-state inputs 
bits when the array reaches its ground state. A voltage pulse alternating between −0.2 and 
+0.2V (corresponding to a maximum stress amplitude of 100 MPa), applied to the 
piezoelectric layer of the central nanomagnet, generates alternating tensile and 
compressive stress in its magnetostrictive layer. This stress cycle or ‘clock’ (Tension  
Relaxation  Compression  Relaxation) drives the array to the correct ground state 
where dipole interaction between the magnets ensures that the output is the NOR function 
for all possible input scenarios.  
 
6.1.2 Bennett Clocking Scheme for Four-State Multiferroic Logic Propagation 
    
In this work, a Bennett clocking scheme was devised to locally clock the four-state 
multiferroic NOR logic (described in the previous section) and propagate the logic bits 
unidirectionally between such gates. A small voltage applied across the piezoelectric layer 
can generate enough mechanical stress in the magnetostrictive layer to rotate its 
magnetization away from one of the four stable orientations and implement Bennett 
clocking.  
A novel synchronous Bennett clocking scheme for such logic propagation is 
developed to demonstrate its feasibility using MATLAB® to numerically simulate the 
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rotation of magnetization of each nanomagnet due to a cycle of tensile and compressive 
stresses generated by positive and negative electrostatic potentials applied across the 
piezoelectric layer of each multiferroic nanomagnet. A tiny voltage of V = 200 mV is 
sufficient to generate the maximum stress of 100 MPa in the nickel layer if we choose the 
piezoelectric layer thickness as 40 nm and the nickel layer thickness as 10 nm.  
The nanomagnets are modeled as circular disks with single-crystal nickel as the 
magnetostrictive layer having a diameter of 100 nm. The reasons for choosing these 
dimensions are as follows: 
i. the magnetocrystalline anisotropy energy of the nanomagnets should be sufficiently 
high (~0.55 eV or 22 kT at room temperature) so that spontaneous magnetization 
switching is reduced, thereby minimizing the static error probability. 
ii. the stress anisotropy energy (~1.5 eV) in the magnetostrictive Ni layer should be 
high enough to overcome the magnetocrystalline anisotropy energy to cause a 
magnetization rotation. 
iii. the dipole interaction energy (~0.2 eV), based on the magnet-to-magnet separation, 
should be smaller than the magnetocrystalline anisotropy energy, which prevents 
spontaneous magnetization rotation without application of stress. 
In a nanomagnet ‘wire’ or array of four nanomagnets, with the first nanomagnet 
being the input, it was shown that two stress sequences (TRCR applied to nanomagnet 2, 
CCTT applied to nanomagnet 3; where T=tension, C=compression, and R=relaxation) 
when applied on nanomagnets 2 and 3 simultaneously, successfully rotate the 
magnetization of nanomagnet 2 in response to the switching of input nanomagnet 1. By 
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applying the same clocking sequence to subsequent nanomagnet pairs, the input bit 
(magnetization direction) can be successfully propagated along the ‘wire’ of nanomagnets. 
 
6.1.3 Ultrafast image recovery and recognition system implemented with 
nanomagnets possessing biaxial magnetocrystalline anisotropy 
    
The work conducted in the previous two sections exploited the ability to encode 
bits in the four stable magnetization directions as a result of introducing biaxial 
magnetocrystalline anisotropy in the multiferroic material, thereby, allowing for a 
universal Boolean logic gate (NOR) to be realized. The propagation of this logic was also 
demonstrated in an array of these gates to show a unidirectional and reliable flow of 
information. However, the four-state characteristics of these multiferroic nanomagnets can 
also be extended beyond conventional Boolean logic to higher order image processing 
functions such as image recovery/noise reduction, associative memory, neuromorphic 
applications, etc. using just planar nanomagnetic elements with biaxial anisotropy (single-
crystal magnetic layer and not a multiferroic element). 
In such nanomagnetic elements, we can store a black-gray-white image encoding 
the shade of every pixel in one of the four stable states of a magnet. Images stored in this 
manner can be corrupted by noise by perturbing the magnetization vector and deflecting it 
from the stored stable state that it was aligned along initially. This work studies the 
magnetization dynamics of a 512 × 512 black-gray-white image distorted by a moderate 
noise using the Landau-Lifshitz-Gilbert (LLG) equation to determine the final state of 
 133 
 
every perturbed magnet (or pixel). It is assumed that the nanomagnets are spaced far 
enough apart (~ 1 µm) to prevent inter-nanomagnet dipole coupling interactions. 
We find that as long as the noise amplitude is not large enough to deflect the 
magnetization vector closer to another stable orientation or cause large out-of-plane 
excursion, the vector always returns to the initial stable orientation. This happens relatively 
fast in a few nanoseconds. In simulating the effect of noise on the image, we restrict the 
random out-of-plane deflection of the magnetization vector ∆ to ±1°, which then restricts 
the in- plane deflection ∆ to ±40° since that is the maximum in- plane deflection that can 
be corrected when |∆ | ≤ 1° (where  is the angle subtended by the in-plane component of 
the magnetization vector with the +x-axis and  is the angle subtended by the 
magnetization vector with the z-axis). The choice of ±1° out-of-plane deflection is dictated 
by the fact that this allows a reasonably large azimuthal deflection. 
It was shown that a 2-D array of single-domain, planar four-state nanomagnetic 
elements (with no inter-magnet dipole interaction), encoding a 512 × 512 black-gray-white 
image, can be used to implement an image processor capable of reconstructing an image 
corrupted by noise in a very short period of ~ 2 ns. 
This image recovery scheme demonstrates that for any image encoded in the 
magnetization direction of a four-state magnetic element, if corrupted by moderate noise, 
the magnetization dynamics automatically recovers the stored image, thereby, imparting 
built-in error correction. When integrated with magnetic tunnel junctions (MTJs), the same 
array can recognize images by comparing them with stored images pixel by pixel. 
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6.1.4 Spin-Straintroincs: Experimental Demonstration of Clocking Two-State 
Nanomagnetic Logic with Strain 
    
While nanomagnetic Boolean logic paradigms have attracted immense attention 
because of their non-volatility and the promise of unprecedented energy-efficiency, it has 
yet to deliver on its potential, largely due to the large dissipative losses occurring when 
nanomagnets are switched with a magnetic field or spin-transfer-torque, thereby offsetting 
the primary advantage of the nanomagnetic scheme over conventional CMOS transistors. 
Recent experimental studies demonstrate energy-efficient switching of nanomagnets using 
the Spin Hall effect, while theoretical proposals that employ strain (“straintronics”) to 
switch single-domain nanomagnets have emerged and claim vastly increased energy-
efficiency. The “straintronics” scheme (studied by our group and the methodology used in 
dissertation to study magnetization switching) proposes nanomagnetic switches that are 2-
3 orders of magnitude more energy-efficient than conventional transistors that dissipate at 
least ~10
4
 kT of energy to switch in isolation and 10
5
 kT to switch in a circuit in a 
reasonable time of ~1 ns. In contrast, strain-clocked magnetic binary switches may 
dissipate only ~10
2
 kT of energy to switch in ~1 ns if implemented with elliptical, two-
phase composite multiferroic nanomagnets as described in previous chapters. The 
experimental studies in this work demonstrate, for the first time, strain-induced switching 
of single-domain, two-state magnetostrictive nanomagnets on a piezoelectric substrate. In 
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addition, a strain-clocked Boolean NOT logic gate is also demonstrated along with 
unidirectional propagation of logic bit information along a chain of nanomagnets. 
In order to demonstrate strain-induced clocking, elliptical magnetostrictive 
nanomagnets of nominal lateral dimensions ~200 nm and thickness ~12 nm possessing 
shape anisotropy are grown on a (001) PMN-PT substrate. The four-state multiferroic 
nanomagnetic logic scheme in the previous chapters incorporates magnetocrystalline 
anisotropy (and no shape anisotropy) to impart four stable magnetization orientations in 
the nanomagnet. In the experimental work described here, the elliptical nanomagnets 
exploit the resulting uniaxial shape anisotropy (no magnetocrystalline anisotropy) to create 
two stable magnetization orientations. 
To show strain-induced magnetization switching in these two-state elliptical 
magnetostrictive nanomagnets, an electric field of 400 kV/m (or, V = 2 kV) is applied 
along the length of a PMN-PT substrate (poled in the same direction, along the length) to 
generate mechanical strain, via d33 coupling, along the nanomagnet’s easy axis of 
magnetization. The resulting strain-induced magnetization switching is demonstrated for 
three scenarios: 
 
i) Isolated nanomagnets having negligible dipole interaction 
In Co nanomagnets possessing large shape anisotropy (nominally 250×150×12 
nm
3
), the stress on the Co nanomagnets (~ 80 MPa) is not sufficient enough to 
switch the magnetization. On the other hand, in nanomagnets with nominal 
dimensions of 200×175×12 nm
3
, the stress anisotropy is shown to overcome 
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the shape anisotropy energy and cause magnetization switching. Switching 
indicates that the magnetization of that nanomagnet must have rotated by ~90º 
upon stress application. Ideally, on average, 50% of these lower-shape-
anisotropy nanomagnets rotated by ~90º would flip their magnetization 
orientation (either from “up” to “down”, or from “down” to “up”), while the 
other 50% would revert back to the initial orientation. This is due to the 
negligible dipole interaction effects that results in the magnetization having 
equal probability (again, ideally) of rotating to either direction once the stress 
is removed. However, due to factors such as lithographic variances, oxidation, 
stress concentration, etc., only a fraction of the magnets meet the correct 
condition (stress anisotropy greater than shape anisotropy) to allow ~90º 
rotation, resulting in far fewer than 50% of the magnets flipping their 
magnetization orientations by 180º. 
 
ii) Two dipole-coupled nanomagnets 
Dipole-coupled nanomagnets, consisting of a high-shape anisotropy 
nanomagnet (~250×150×12 nm
3
, magnet L) separated from a lower-shape 
anisotropy nanomagnet (~200×175×12 nm
3
, magnet R) by ~300 nm are first 
“initialized” to a down-down (↓↓) state with a magnetic field of ~200 mT. It 
was shown that upon stress application (~80 MPa), the final magnetization 
states of certain nanomagnet pairs was (↓↑), as shown by MFM phase images. 
This signifies that while the stress was not enough to rotate the magnetization 
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of input magnet L significantly, it did rotate that of magnet R having lower 
shape anisotropy. When the stress is removed, the magnetization of magnet R 
flips “up” (↑), as dictated by its dipole interaction with magnet L (↓). This 
demonstrates logical NOT functionality. As explained earlier, due to 
lithographic variances, only a few nanomagnet pairs show this rotation. 
 
iii) An array of dipole-coupled nanomagnets 
Finally, arrays of three dipole-coupled nanomagnets are investigated. To show 
unidirectional propagation of information along these nanomagnets, they are 
fabricated with decreasing shape anisotropy, with the ‘input’ nanomagnet L 
possessing the highest shape anisotropy (~250×150×12 nm
3
), nanomagnet C 
(~200×175×12 nm
3) having an intermediate value and ‘output’ nanomagnet R 
(~200×185×12 nm
3
) possessing the lowest shape anisotropy. After applying 
the stress as described earlier, MFM images of the arrays show the 
magnetization state of certain arrays transformed from the initial (↓↓↓) state to 
(↓↑↓). This demonstrates that when stress is first applied, the chain switches 
from (↓↓↓) to (↓→→) when stress rotates the magnetization orientations of 
both C and R but is unable to rotate that of the highly anisotropic input magnet 
(L). When the stress is reduced to an intermediate value, magnet C should 
have switched to the “up” state based on its dipole interaction with magnet L 
(magnet R is still held in the → state by this intermediate stress). When the 
stress is further reduced, magnet R switches (as dictated by its dipole 
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interaction with magnet C) and the final magnetization state of the array is 
(↓↑↓). This demonstrates logic propagation in a unidirectional manner. 
Fabrication defects, as alluded to earlier, may result in some nanomagnets not 
switching at all or switching to wrong states.  
 
 In order to test the repeatability of the strain-induced magnetization switching in 
the Co nanomagnets, another set of MFM studies is performed on the same nanomagnet 
arrays in which the magnets are “initialized” along the (↑) direction with a strong magnetic 
field (Cycle 2). Similar switching trends are observed as compared with Cycle 1 
(“initialized” along the (↓) direction) for all three scenarios. 
As a result, the MFM studies in these experiments show strain-induced clocking of 
nanomagnets in both directions, from (↓) to (↑) and from (↑) to (↓), as well their 
corresponding dipole-coupled scenarios implementing basic NOT logic functionality and 
information propagation.  
Another concern that is addressed in these experiments is that of MFM tip-induced 
magnetization reorientation in the Co magnets. Several consecutive scans of the same 
nanomagnet array (top-down scan followed by bottom-up scan, and so on) are performed 
to verify this. Since no such switching occurs, we conclude that the magnetization of the 
MFM tip is not strong enough to affect the magnetization of the nanomagnets. 
 
6.2 Scientific Contributions and Future Work 
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This research has several important outcomes in the pursuit of ultra-low power 
computation and lays the foundation for future devices implementing “straintroinics” 
(stress/strain as a means of magnetization rotation) in multiferroic nanomagnets. The 
multiferroic nanomagnet studied in this dissertation is a two-phase system consisting of a 
piezoelectric layer in contact with a thin magnetostrictive layer. In such a multiferroic 
composite, the magnetoelectric effect arises from the coupling of electric and magnetic 
phenomenon through elastic interaction. It has major technological importance because 
nanomagnetic logic clocked with strain could potentially be 1,000-10,000 times more 
energy-efficient than current CMOS logic at comparable clock speeds. While previous 
theoretical studies conducted by our group focused on conventional 2-state multiferroic 
nanomagnetic logic, this work investigates 4-state multiferroic NML with biaxial 
anisotropy. Since one of the requirements of logic circuitry is the reliable and 
unidirectional propagation of logic, an effective clocking scheme that propagates the 
magnetization state (two logic bits) of a four-state multiferroic nanomagnet 
unidirectionally along a linear chain by applying a sequence of stresses pairwise on 
succeeding nanomagnets, making it possible to implement multistate logic circuits with 
wiring connections, fan-out and fan-in. 
Besides the doubling of logic density per nanomagnet, the four stable minima in 
these four-state multiferroic nanomagnets portends its use in higher order applications such 
as image recovery, pattern recognition, associative memory and neuromorphic devices.  
On the experimental front, this work also showed the first experimental 
demonstration utilizing mechanical strain to clock nanomagnetic logic devices. It was 
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experimentally shown that elastic strain generated with an electrical voltage can rotate the 
magnetization of a single domain multiferroic (magnetostrictive/piezoelectric) nanomagnet 
and that such rotation can be used to perform useful computation as well as information 
communication. A Boolean logic operation (NOT) was demonstrated along with 
unidirectional propagation of logic bit information down a chain of multiferroic 
nanomagnets to communicate information. These experiments lay the foundation for future 
ultra-low energy Boolean computational devices utilizing this clocking scheme, fabricated 
with higher performance materials, thin film PMN-PT (rather than bulk substrate) and 
local clocking architectures; and therefore, can be viewed as a stepping stone  
Finally, in the long run, the theoretical and experimental studies performed in this 
work can conceivably open up hitherto unimaginable applications such as strain-clocked 
nanomagnetic processors that can be implanted, for example, in an epileptic patient’s brain 
to monitor and process brain waves continuously to warn of an impending seizure. Such a 
processor, if implemented with strain clocked multiferroic nanomagnets, will need so little 
power that it can potentially function by harvesting energy from the patient’s head 
movements alone without ever requiring a battery. There are other applications such as in 
sensors embedded in structures (tall buildings, bridges) that continuously monitor fracture, 
material fatigue, etc. while running by harvesting energy from vibrations caused by wind 
or passing traffic. 
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APPENDIX A 
 
Four-state nanomagnetic logic using multiferroics 
 
 
In Chapter 2, we claimed that dipole-coupled Ni/PZT multiferroic nanomagnets 
with binary bits encoded in the four stable magnetization directions (‘up’, ‘down’, ‘left’ 
and ‘right’) can implement 4-state NOR logic with the proper clock sequence.  
There are 16 possible input configurations (input bits AB and CD) and four possible 
initial states of the output magnet (output bit EF). We need to show that for every 
combination of the input bits and every possible initial state of the output magnet, the 
output is always the NOR function of the inputs. The results in Chapter 2 illustrate one 
particular input configuration (AB = ‘right’, CD = ‘up’, i.e. AB = ‘01’ and CD = ‘00’) and 
one initial state of the output (magnetization direction pointing ‘down’, i.e. EF = ‘11’). At 
the end of the clock sequence (tension → relaxation → compression → relaxation), it was 
shown that the output EF settled to the ‘01’ or ‘right’ state, demonstrating NOR logic for 
that particular configuration. 
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In this appendix, we consider all the other cases in order to be exhaustive. We first 
pick the input configuration (AB = ‘right’, CD = ‘up’) discussed in Chapter 2 and show that 
for this input combination, the final state of the output is independent of the initial state of 
the output. Besides the initial state just considered, there are three other possible initial 
states of the output (‘left’, ‘right’ and ‘up’) and each of them is examined for the above 
input combination (figures A1 – A3). In each case, the final output settles in the correct 
direction (‘right’) conforming to NOR logic. Thus, the final output is independent of the 
initial state of the output for this input combination. This means that the output is 
determined solely by the inputs and hence is a unique, single-valued function of the inputs. 
Results obtained from the seven other unique input combinations when the initial 
state of the output is EF = 11 (figures A4 – A10) are also shown. It is obvious that the final 
state of the output will be independent of the initial state for these input combinations as 
well. The remaining eight input combinations are not examined since they are equivalent to 
ones examined here due to symmetry. For all input combinations, the NOR function is 
always realized.  
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Figure A1: Energy plots of the output magnet representing the bits EF with input bits AB = ‘01’, CD = ‘00’ 
and EF = ‘00’ initially. (a) Rotation from +90° to +135° as a consequence of tension applied along the +45° 
axis. (b) Upon relaxation of the stress, the magnetization vector rotates back to +90°. (c) With compression 
applied on the output magnet along the +45° axis, its magnetization rotates to +45°. (d) Finally, when the 
stress is relaxed to zero, the output magnet rotates its magnetization to 0°, completing the NOR logic 
operation. 
 
 
c) d) 
a) b) 
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Figure A2: The input combinations AB=’01’, CD=’00’ are the same as in Fig. A1. The initial state of the 
output magnet EF is set at ‘01’. The stress cycle (tension, relaxation, compression, relaxation) is applied to 
the output magnet with the magnetization rotating sequentially through -45°, 0°, +45° and finally settling at 
0°, thereby once again completing the NOR operation. 
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Figure S3 
c) d) 
a) b) 
Figure A3: AB = ‘01’, CD = ‘00’ as in Fig. A1. The initial output state is set to EF = ‘10’. The stress cycle 
applied to the output magnet causes its magnetization to rotate sequentially through +135°, +90°, +45° and 
0°, thereby completing the NOR operation. Figures A1-A3 show that the final state of the output is indeed 
independent of the initial state and hence determined uniquely by the inputs. 
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Figure S4 
c) d) 
a) b) 
Figure A4: AB = ‘00’, CD = ‘00’ and EF = ‘11’. Since the inputs are pointing ‘up’, the dipole interaction 
pushes the output magnet’s magnetization vector ‘down’. The stress cycle applied to output magnet causes 
its magnetization vector to rotate sequentially through -45°, -90°, -135° and back to -90°, completing the 
NOR operation. 
 
 157 
 
 
Figure A5: AB = ‘00’, CD = ‘11’ and EF = ‘11’. The input magnetization directions, on either side of the 
output magnet encoding EF, point in opposite directions (‘up’ and ‘down’). As a result, the dipole 
interaction of the inputs on the output cancels out. This would result in a tie-condition when the stress cycle 
is applied (specifically, during the relaxation phases, when the magnetization would have two equally likely 
directions to settle into).  However, when a dc bias magnetic field is applied [Happl = 1000 A/m (~12 Oe)], 
the energy profile is no longer symmetric and is slightly biased towards +90°. Now, when the stress cycle is 
applied to the output magnet, its magnetization rotates through +135°, +90°, +45° and 90°, thereby once 
again completing the NOR operation. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
c) d) 
a) b) 
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c) d) 
a) b) 
Figure A6: AB = ‘01’, CD = ‘01’ and EF = ‘11’. In this case, the inputs are both pointing towards the 
‘right’. Hence, the dipole interaction shows a strong preference for ferromagnetic coupling (parallel 
arrangement). This can be seen in the energy profile of the output magnet, EF, which has an absolute energy 
minimum located at 0° (‘right’). The magnetization rotation arising due to the stress cycle applied to the 
output magnet is from the initial -90° direction to -45° (since the ferromagnetic coupling due to the dipole 
interaction is strong, the magnetization easily rotates to 0° at low values of applied stress. However, at 
higher stress values, the stress anisotropy energy is greater than the dipole energy and, consequently, the 
magnetization settles at -45°, 0°, +45° before settling to 0°. Ultimately, the NOR operation is once again 
realized. 
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c) d) 
a) b) 
Figure A7: AB = ‘01’, CD = ‘10’ and EF = ‘11’. Since the input magnetizations point in opposite 
directions, there is no net dipole interaction on the output magnet encoding the bits EF (similar to the 
configuration of figure A4). Once again, the applied bias magnetic field tips the energy profile of the output 
magnet towards +90°. The stress cycle applied to the output magnet causes its magnetization to rotate 
through -45°, 0°, +45° and +90°, thus implementing the NOR operation. 
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c) d) 
a) b) 
Figure A8: AB = ‘01’, CD = ‘11’ and EF = ‘11’. In this configuration, AB points ‘right’ while CD points 
‘up’. In the first stage of the stress cycle (tension along +45°) on the output magnet, the magnetization 
rotates from -90° to -45° (similar to figure S5, at low tensile stresses, the preferred alignment is 0°, parallel 
to AB. Further increases in stress cause the magnetization to settle at -45°). Relaxation of the stress then 
rotates it to 0°, compression takes it to +45° and ultimately, relaxation causes it to settle at +90°. The NOR 
operation is realized. 
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Figure A9: AB = ‘10’, CD = ‘00’ and EF = ‘11’. With AB pointing ‘left’ and CD pointing ‘up’, the dipole 
interaction is similar to that of the case in figure S6, with the output EF preferring a parallel alignment with 
AB. The stress cycle applied to the output magnet causes its magnetization to rotate from the initial direction 
of -90° to -45°, -90°, -135° and finally, -180°, thus implementing the NOR function. 
 
 
  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
c) d) 
a) b) 
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Figure A10: AB = ‘10’, CD = ‘11’ and EF = ‘11’. This configuration (AB points ‘left’, CD points ‘down’) 
is similar to that of figure S7. The applied bias field tries to align the output magnet's magnetization vector 
along the +90° direction, without which a tie-condition would arise (two equally possible directions). The 
stress cycle applied to the output magnet causes its magnetization to rotate sequentially through -45°, 0°, 
+45° and +90°. This completes the NOR operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
c) d) 
a) b) 
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APPENDIX B 
 
Bennett Clocking Scheme for Four-State Multiferroic Logic Propagation 
 
In Chapter 3, a clocking scheme was proposed to propagate four-state nanomagnet 
logic in Ni/PZT multiferroic nanomagnets having biaxial magnetocrystalline anisotropy. 
This clocking scheme involves the application of a unique sequence of Compression (C), 
Tension (T) and Relaxation (R) stresses to the magnetostrictive layer by applying an 
appropriate electrostatic potential to the PZT layer. 
Since each nanomagnet has four uniquely feasible magnetization states, there are 
twelve distinct nanomagnet-array configurations when the input magnet’s state is changed 
from its initial orientation to any of the three other possible directions. When the clock 
cycle is applied to the appropriate magnets, the desired states of the magnet-array, based on 
the ferromagnetic dipole coupling along the array axis and anti-ferromagnetic coupling 
perpendicular to the array axis, is illustrated in the ‘Final state’ column (Chapter 3, Fig. 
3.1). There are four additional cases corresponding to the input magnet’s magnetization not 
being changed. In these circumstances, the final magnet states should remain in their 
original ‘ground’ states upon completion of the clock cycle. The results included in the 
main paper described one particular case (Figs. 3.1(a) – row I), demonstrating the 
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propagation of the magnetization orientation along a nanomagnet array (anti-ferromagnetic 
arrangement) when the input was flipped from “up” to “down”. 
We now consider the configuration in which the input magnet is changed from 
“up” to “right” (Fig. 3.1(a), row II). The orientations are θ1 = 0°, θ2 = -90°, θ3 = +90° and 
θ4 = -90°. At this point, the consistent clock cycle we developed is implemented on 
magnets 2 (TRCR) and 3 (CCTT), whose energy profiles and magnetization rotations are 
shown in Fig. B1. In the first stage, the tension applied to magnet 2 rotates its 
magnetization from -90° to ~ -40° (Fig. B1(a)). The compression on magnet 3 induces a 
magnetization rotation to +45° (Fig. B1(b)). The strong preference for a rotation towards 
0° (2:1 preference for ferromagnetic coupling over anti-ferromagnetic coupling) can be 
seen at intermediate stress values (~ 50 MPa). Next, the tensile stress on magnet 2 is 
relaxed while holding the compressive stress on magnet 3. The magnetic dipole field on 
magnet 2 due to its interactions with magnets 1 and 3 has a larger +x-component 
(contributed by magnets 1 and 3) than a –y-component (due to magnet 3 alone) which 
results in the rotation to 0° (Fig. B1(c)). The subsequent stage involves a compressive 
stress on magnet 2 which causes its magnetization to rotate from 0° to ~ +40° (Fig. B1(e)). 
Simultaneously, the compressive stress on magnet 3 is gradually reduced to zero which 
leads to a relaxation of the magnetization from +45° to 0°. This is followed by the 
immediate application of a tensile stress to rotate the magnetization to -45° (Fig. B1(f)). In 
the last stage of the clock cycle, the stress on magnet 2 is relaxed to zero (Fig. B1(g)) while 
holding the tensile stress on magnet 3 (Fig. B1(h)). Again, the +x-direction is strongly 
favored and magnet 2 sees its magnetization settle into the desired “right” state, 
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reproducing the state of the input bit (magnet 1). By repeating this sequence of stresses on 
the next set of magnets (3 and 4), the logic (magnetization orientation) is propagated to 
magnet 3 and further down the nanomagnet array when the clock cycle is applied to 
subsequent magnet pairs. 
The next two sets of results correspond to the initial/ground states of the 
nanomagnet array pointing “right” (θ1 = θ2 = θ3 = θ4 = 0°) in a ferromagnetic-coupled 
arrangement. 
Fig. B2 shows the energy profiles of magnets 2 and 3 when subjected to the clock 
cycle following an input (magnet 1) magnetization change from the initial “right” to 
“down”. The same stress cycle (TRCR on magnet 2, CCTT on magnet 3) achieves the 
desired magnetization rotation. In the first stage, magnet 2 sees its magnetization rotate 
from 0° to ~ -40° as a tensile stress of up to +100 MPa is applied to it (Fig. B2(a)). 
Simultaneously, magnet 3 is gradually compressed to -100 MPa and its magnetization 
rotates from 0° to ~ +40° (Fig. B2(b)). It can be observed that although the stresses are 
applied along the +45° direction, the magnetizations of magnets 2 and 3 do not settle at -
45° and +45°, respectively. This is because, even at the maximum stress magnitude of 100 
MPa, the dipole energy (which seeks a ferromagnetic arrangement) has small but adequate 
contribution to the total energy of the nanomagnet that biases the orientation slightly away 
from the -45° and +45° states towards the 0° states. A higher stress magnitude will align 
the magnetization more along the 45° axis. When the tensile stress on magnet 2 is relaxed 
to zero, while keeping the compression on magnet 3, its magnetization settles to ~ 0° (Fig. 
B2(c)). As explained in the prior cases, this occurs since the x-component of the magnetic 
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dipole field of magnet 2 (favoring a parallel alignment with the +x-axis) has a stronger 
influence on the dipole energy term than the y-component (favoring an anti-parallel 
alignment along the +y-axis). Next, magnet 2 is compressed which rotates its 
magnetization from ~ 0° to ~ +45° (Fig. B2(e)). Concurrently, the stress on magnet 3 is 
relaxed, which causes a magnetization rotation towards 0°, to be immediately followed by 
a tensile stress that rotates it to ~ -40° (Fig. B2(f)). Lastly, while the tensile stress is held 
on magnet 3 and magnet 2 is relaxed, its magnetization settles to the desired orientation of 
~ +90° (Fig. B2(g)). It is driven to this “up” state due to the +y-component of the dipole 
magnetic field contributed by magnets 1 and 3. Magnet 3 also adds a +x-component that 
makes the magnetization of magnet 2 want to rotate towards 0°, but its magnitude is lower 
than that of the +y-component, which ultimately results in the rotation towards +90°. 
The next case considered in order to verify accurate logic propagation is when the 
input magnet is switched from “right” to “left”. This propagation through the appropriate 
magnetization rotation is illustrated in the energy profiles of magnets 2 and 3 in Fig. B3. 
Prior to the clock cycle, magnet 2 experiences no net dipole interaction and is in a 
deadlock since magnet 1 wants it to flip to the “left” while magnet 3 wants it to stay to the 
“right”. This can be seen in the symmetric energy curves of Fig. B3(a) (solid dark blue 
curve). In contrast, magnet 3 experiences a strong dipole field towards the “right” (towards 
0°). When the clock cycle is initiated, a tensile stress is applied to magnet 2 that rotates its 
magnetization from 0° to ~ -45°; a compressive stress on magnet 3 causes a rotation from 
0° to ~ +45°. In the second stage, relaxing magnet 2 while holding the compressive stress 
on magnet 3 results in a rotation towards -90° (Fig. B3(c)). Next, magnet 2 is compressed 
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to take its magnetization from ~ -90° to ~ -135° (Fig. B3(e)). At the same time, the 
compressive stress on magnet 3 is relaxed (causing a rotation towards 0°), followed by a 
tensile stress that rotates its magnetization to ~ -45° (Fig. B3(f)). Finally, magnet 2 is 
relaxed and its magnetization rotates from ~ -135° to ~ 180°, while the tensile stress on 
magnet 3 is held at +100 MPa. This is expected since it has both a –x-component as well as 
a +y-component of the dipole magnetic field that causes a rotation that settles at ~ 180°. 
The tension held on magnet 3 in the final stage also serves as a transition to the first stage 
of the next clock cycle (tension on magnet 3, compression on magnet 4). Repeated 
application of these stress sequences in the clock cycle to subsequent magnet pairs 
propagates the magnetization state of the input magnet along the array. 
The magnetization rotations occurring in the additional configurations shown in 
Fig. 3.1 (Chapter 4) are also studied (Figs. B4 – B11) and verify proper propagation of 
logic (magnetization orientation of the input magnet). It is also essential that the clock 
cycle functions effectively when the input magnet is not changed. These cases have also 
been investigated and are illustrated in this Appendix (Figs. B12 – B15), through which we 
confirm that the magnetization rotations do indeed remain in their ‘ground’ states at the 
end of the clock cycle, if the input magnet is unchanged. 
For each of the nanomagnet arrangements, when the magnetization of the input 
magnet is switched, the clock cycle is initiated on the subsequent two magnets 
(TRCR on magnet 2, CCTT on magnet 3) in order to propagate the logic 
(magnetization state of magnet 1) along the nanomagnet array. In this manner, by repeating 
 168 
 
this clocking scheme on the next pair of magnets, we show that unidirectional logic 
propagation of four-state logic is achieved for all possible configurations. 
 
Figure Captions 
 
Fig. B1: Energy profiles of magnets 2 and 3  when subjected to the stress sequences for the 
case in which for the magnets are in an anti-ferromagnetic configuration with input magnet 
1 initially “up” and flipped from “up” to “right” is considered here. The magnetization 
orientations are, thus, θ1 = 0°, θ2 = -90°, θ3 = +90° and θ4 = -90°. (a) Applying a gradually 
increasing tensile stress on magnet 2 sees its magnetization rotate from -90° to ~ -40°. (b) 
Concurrently, a compressive stress on magnet 3 causes its magnetization to rotate from 
+90° to ~ +45°. (c) Relaxing the stress on magnet 2 results in its magnetization settling to 
~ 0° due to its dipole interactions with magnet 1 (θ1 = 0°) and (d) magnet 3, on which the 
compressive stress is held. (e) Next, an increasing compressive stress is applied to magnet 
2 leading to a rotation to ~ 40°, while (f) magnet 3 is relaxed, inducing a rotation towards 
0° and immediately followed by a tensile stress that rotates its magnetization to ~ -40°. (g) 
The final stage involves relaxing the stress on magnet 2 that results in the desired settling 
of its magnetization to ~ 0° while (h) the tensile stress is held on magnet 3, setting it up for 
the next clock cycle which would be applied to magnets 3 and 4. 
 
Fig. B2: Energy profiles of magnets 2 and 3 when subjected to the stress sequences for the 
case in which the magnets have a ferromagnetic initial state (pointing “right”) following 
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the change in the input magnet’s state from “right” to “down”. (a) A tensile stress is 
applied to magnet 2 that causes a magnetization rotation from 0° to ~ -40°. (b) Magnet 3 is 
compressed, resulting in a magnetization rotation to ~ +40°. (c) Relaxing the stress on 
magnet 2 sees its magnetization settle back to ~ 0° while (d) the compressive stress on 
magnet 3 is held at -100 MPa. (e) In the third stage of the clock cycle, a compressive stress 
on magnet 2 results in a rotation to ~ +45°. (f) At the same time, the stress on magnet 3 is 
relaxed, causing its magnetization to rotate towards 0°. This is immediately followed by a 
tensile stress that swings the magnetization to ~ -40°. (g) The final stage involves gradually 
relaxing the stress on magnet 2 and the desired outcome is achieved when the 
magnetization rotates to ~ +90°, while (h) the tensile stress on magnet 3 is held at +100 
MPa. 
 
Fig. B3: Energy profiles of magnets 2 and 3 as a function of magnetization angle for the 
ferromagnetic arrangement (initially pointing “right”) when the input magnet is flipped 
from “right” to “left” and the clock cycle is applied. (a) In the first stage, a tensile stress 
gradually applied to magnet 2 sees its magnetization rotate from 0° to ~ -45°, while (b) a 
compressive stress on magnet 3 causes a rotation to ~ +45°. (c) Relaxing the stress on 
magnet 2 results in a rotation towards -90°, while (d) the compressive stress on magnet 3 is 
held at -100 MPa. (e) A compressive stress on magnet 2 rotates its magnetization to ~ -
135°. (f) Concurrently, magnet 3 is relaxed, leading to its magnetization settling towards 
0°, and is immediately followed by a tensile stress that rotates it ~ -45°. (g) The final stage 
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of the clock cycle involves relaxing magnet 2 which results in the desired final state of ~ -
180°, while (h) the tension is held on magnet 3, keeping its magnetization along -45°. 
 
Fig. B4: Energy plots of magnets 2 and 3 for the anti-ferromagnetic arrangement with the 
magnetization of the input nanomagnet switched from its initial “up” orientation to the 
“left” state. At the end of the clock cycle, magnet 2 settles to ~ +180° or the “left” 
direction.  
 
Fig. B5: Energy plots of magnets 2 and 3 for the ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “right” orientation to the 
“up” state. At the end of the clock cycle, magnet 2 settles to ~ -90° or the “down” 
direction.   
 
Fig. B6: Energy plots of magnets 2 and 3 for the anti-ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “down” orientation to 
the “up” state. At the end of the clock cycle, magnet 2 settles to ~ -90° or “down” 
direction. 
 
Fig. B7: Energy plots of magnets 2 and 3 for the anti-ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “down” orientation to 
the “right” state. At the end of the clock cycle, magnet 2 settles to ~ 0° or the “right” 
direction. 
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Fig. B8: Energy plots of magnets 2 and 3 for the anti-ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “down” orientation to 
the “left” state. At the end of the clock cycle, magnet 2 settles to ~ +180° or the “left” 
direction. 
 
Fig. B9: Energy plots of magnets 2 and 3 for the ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “left” orientation to the 
“right” state. At the end of the clock cycle, magnet 2 settles to ~ 0° or the “right” direction. 
 
Fig. B10: Energy plots of magnets 2 and 3 for the ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “left” orientation to the 
“up” state. At the end of the clock cycle, magnet 2 settles to ~ -90° or the “down” 
direction. 
 
Fig. B11: Energy plots of magnets 2 and 3 for the ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 switched from its initial “left” orientation to the 
“down” state. At the end of the clock cycle, magnet 2 settles to ~ +90° or the “up” 
direction. 
 
Fig. B12: Energy plots of magnets 2 and 3 for the anti-ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 in its ‘ground’ state pointing “up” and not 
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subjected to any switching. At the end of the clock cycle, magnet 2 settles back to ~ -90° or 
the “down” direction. 
 
Fig. B13: Energy plots of magnets 2 and 3 for the ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 in its ‘ground’ state pointing “right” and not 
subjected to any switching. At the end of the clock cycle, magnet 2 settles back to ~ 0° or 
the “right” direction. 
 
Fig. B14: Energy plots of magnets 2 and 3 for the anti-ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 in its ‘ground’ state pointing “down” and not 
subjected to any switching. At the end of the clock cycle, magnet 2 settles back to ~ +90° 
or the “up” direction. 
 
Fig. B15: Energy plots of magnets 2 and 3 for the ferromagnetic arrangement with the 
magnetization of the input nanomagnet 1 in its ‘ground’ state pointing “left” and not 
subjected to any switching. At the end of the clock cycle, magnet 2 settles back to ~ +180° 
or the “left” direction. 
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